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Abstract 
The plastic deformation of MgO has been studied in compression 
under hydrostatic pressures up to 10 kilobars , between room temperature 
o and 750 C. The yield strength of single crystals deformed in the ( 001 ) 
direction was not significantly affected by pressure, but their rate of 
strain hardening was strongly affected by the jackets in which they were 
sealed, and by their surface condition . Rubber ja.ckets, which became 
very strong under pressure, induced large amounts of oblique { 110) <110 > 
slip which ha-rdened the crystals, and cleaved surfaces enhanced this 
effect. The latent hardening capacity of the MgO TIas therefore greatly 
reduced under pressure . 
Kirucing of the longitudinal ed-es of the crystals was also produced 
by these oblique slip interactions . The "anticlastic" mechanism proposed 
by Stokes et a1. (1962) for such kinks did not apply in the present 
crystals, and an alternative mechanism involving dislocation pile- ups 
within the crystal is proposed . 
Crystals deformed in the <111> direction deformed by violent 
1 1 
kinkiJ:lP' at room temperature, at anplied shear stresses between 3' and "6 
of the theoretical stren-th of the crystals . Kinking was probably caused 
by small plastic misorientations of the crystals, which threw critical 
resolved shear stresses onto the dodecahedral systems before the strong 
{100} <11 0 > slip systems well - oriented for slip could operate . 
At elevated temperatures kinkinC' in < 111 > crystals persisted to 
over 2000 C, when [112 J <11 0 > and 11 00J {11 0 > slip systems be'an to 
operate to produce wavy glide . Simple cube- plane lide, as found by 
earlier investi"ators, did not operate alone because of the constraining 
effects of the copper jackets used at elevated temperatures. 
Polycrystalline aegregates , usually brittle at room temperature , 
appeared to become ductile at 2 kilobars pressure . Individual grains 
became intensively deformed on both ! 110} <110> and i100} <110 > slip 
systelTIS, but five independent slip systems, as required for homogeneous 
deformation, were not found . Slip traces at room temperature were straight , 
and kinking occurred in occasional 'Tains , sometimes associated with 
extensi ve fracturine . Kinking disappeared and a cha~e in mode of deforLla-
tion to wavy glide began to appear above 200oC. 
At room temperature the rate of strainhardening was high and the 
yield strength increased rapidly with pressure and "ith strain in an 
unusual manner . The pressure- dependence of strength diminished with 
o temperature to zero at 750 C, where planar lide was largely replaced 
by wavy glide . It is suggested that the effects of pressure arose from 
the growth of microcracks during plastic deformation . Hydrostatic 
pressure would tend to close the cracks , and thus would exert a force 
actin, ~ a{"ainst the dislocation pile- ups producing the cracks . This 
force would be proportional to the pressure and to the length of the 
- 2 - 2 
cracks , and would amount to 4 , 000 kg . cm on a crack 10 mm . long at 
10 kilobars pressure . The ' hardening ' under pressure was reversible, 
as is the Peierls force , but no evidence for a chan'e in the Peierls 
force under pressure was found . 
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DEFORMATION OF MAGNESIUM OXIDE AT 
HIGH C01~INING PRESSURES 
CHAPTER 1. 
Introduction 
Historical 
It is a curious fact that some of the earliest deformation experi-
ments on magnesium oxide were made under conditions of hydrostatic pressure, 
although in recent years experimental effort has been confined to atmos-
pheric pressure. " In 1920, MUgge found that periclase crystals could be 
deformed in compression at room temperature under hydrostatic pressure, 
and identified the crystallographic elements of glide on the dodecahedral 
planes { 110~, in the <110> direction. Later Bridgman (1937) deformed 
magnesium oxide in his shearing apparatus under confining pressure up to 
50 kilobars(1). He found a very high pressure-dependence of shear strength, 
amounting to 200 kg - cm-2 per kilobar of confining pressure, but the con-
ditions of his specimens and the physical meaning of the results obtained 
from his equipment are uncertain(2). 
The first systematic deformation of synthetic magnesium oxide crystals 
was made by Wachtman and Maxwell (1954), who obtained ductile behaviour only 
above 1100oC, but Gorum et ale (1958) later showed that single crystals were 
(1) See note on the unit of pressure at the end of the Introduction. 
(2) An even higher pressure-dependence of the yield stress was found in the 
present experiments on polycrystalline MgO, amounting to between 550 
6 -2 and 50 kg.cm per kilobar of pressure, which in terms of maximum 
resolved shear stress is approximately 300 kg.cm-2• 
ductile at room temperature and May and Kronberg (1960 a) then found that 
the original material of Wachtman and Maxwell was also ductile if the 
surfaces were carefully polished. Since then a large volume of research 
has been carried out on the mechanisms of deformation in magnesium oxide 
2 
and in other crystals with the NaCl structure (particularly lithium 
fluoride), with the result that the deformation processes in these crystal 
structures are probably now known in greater detail than those in metals 
(Washburn 1963), and important contributions to dislocation theory have been 
made. Comprehensive reviews of this work have been written by Gilman (1961) 
and Pask and Copley (1963). 
Magnesium oxide has great potential use as an engineering material 
because of its strength and oxidation resistance. Attention has therefore 
been paid recently to the production and properties of polycrystalline 
bodies of magnesium oxide (Hulse et al. 1963; Vasilos et al. 1964; Copley 
and Pask 1965 a; Day and Stokes 1966) and of lithium fluoride (Scott and 
Pask 1963; Budworth and Pask 1963). Magnesium oxide polycrystals are 
essentially brittle up to 12500 C at atmospheric pressure because insufficient 
independent slip systems are available to permit homogeneous deformation 
(Taylor 1938; Groves and Kelly 1963) and ductility occurs only when other 
slip systems become freely available (Hulse et al. 1963; Day and Stokes 
1966), or when' the propagation of cracks can be suppressed by structural 
or mechanical methods. It was expected that at high hydrostatic pressures 
quite large plastic deformations could be applied to MgO without macroscopic 
fracturing and that some indications of the processes available for plastic 
deformation at room temperature or at slightly elevated temperatures in 
polycrystals could be obtained under pressure. 
Effects of Hydrostatic Pressure 
The brittle behaviour of polycrystalline MgO turns attention once 
again to the application of high confining pressures. The elastic 
properties and yield strength of many ductile substances are not much 
affected by hydrostatic pressures up to 10 kilobars, but their strength 
and ductility beyond the yield stress often increase with increasing 
pressure. This effect is found even in ductile metals such as Ni, Ta, Nb, 
Mo, W, Sb, Y~brass, Ge, Cr and Fe among others, and the enhanced properties 
are sometimes retained afterwards at atmospheric pressure. (Bridgman 1952; 
Swenson 1960). 
3 
Brittle materials become rapidly stronger under increasing pressures, 
until they become ductile, when the yield stress becomes fairly insensitive 
to pressure (Jaeger 1962). This occurs dramatically in cast iron (Bridgman 
1952; Paterson 1964 a; in marble (Paterson 1958; Heard 1960) and in other 
rocks (Griggs 1926). Crack propagation under hydrostatic pressure can only 
occur when the tensile stress on the specimen exceeds the confining pressure 
by the magnitude of the yield stress (Lawson 1963). Thus, the strength of 
brittle materials is increased under pressure, larger amounts of slip can 
occur, and slip mechanisms not available at low pressures may become 
activated to render the material ductile. 
Other effects may be induced by the direct application of hydro-
static pressure alone if the material contains inhomogeneities or is 
elastically anisotropic. Plastic deformation may be induced if in poly-
crystals the material has large elastic anisotropies, as in polycrystalline 
zinc, cadmium and magnesium (Davidson et ale 1965), and in some alloys of 
copper and zinc (Hai Vu 1955), (Johannin 1956) or when impurity particles 
of different compressibility are present: in the case of chromium the 
resulting local deformation around oxide particles renders it ductile at 
atmospheric pressure (Bullen et ale 1964 a) and in iron similar effects 
cause the elimination of the yield point (Bullen et ale 1964 b). Two-phase 
alloys and minerals would also be expected to undergo inhomogeneous plastic 
deformation if there were a large difference in compressibility between the 
phases, and especially when one or both phases were anisotropic. 
Magnesium oxide, however, is elastically isotropic, but the material 
currently available is known to contain large amounts of impurity precipi-
tates. The two effects of pressure which one might expect on 'a priori' 
grounds are therefore, a) emission of dislocations from the zones around 
precipitate particles and b) an increase in strength of polycrystals, 
followed by partially or perfectly ductile behaviour. 
In early experiments on single crystals no evidence for the propaga-
tion of dislocations under simple hydrostatic pressures up to 10 kilobars 
was found by etch-pit methods, but plastic deformation was affected. In 
polycrystals quite large plastic strains could be applied under pressure 
without signs of macroscopic fracturing, but the experimental results 
suggested that some microscopic fracturing might occur. In addition, 
kinking was found to play an important part in the deformation of both 
single crystals and polycrystals under pressure. 
Deformation of n%gnesium Oxide 
In the sodium chloride structure the anions fill most of the space 
and form a close-packed face-centred cubic array and the smaller cations 
(Mg++ in the present case) fit into the octahedral holes. 
The slip systems in the structure are more strongly influenced by 
inter-ionic forces than by the usual crystallographic rules of glide. 
Hence, the {1 11} <110} slip systems which usually operate in face-centred 
4 
cubic structures (Schmid and Boas 1950 p . 55; Chalmers and Martius 1952) 
are forbidden because electrostatic faulting would result (Buerger 1930). 
Only the ( 110) direction on {110} planes aroids faulting, as shown in 
Figure (1.1) ,and these six systems provide the most easily activated glide 
at low temperatures. 
Glide on (100} planes in a ( 110) direction can also occur at 
elevated temperatures (see Figure 1.1). In this system some electrostatic 
repulsion is involved which gives rise to a large Peierls stress on dis-
locations moving in the plane (Huntington et ale 1955). Glide is therefore 
much "harder" than dodecahedral glide, as shown in Figure (1.2) for LiF 
(Gilman 1959). 
A large temperature-dependence of yield stress exists in both glide 
systems, but the cube-plane glide softens faster than dodecahedral glide, 
and above 8000 C in LiF, and above 14000 to 16000c in MgO (Copley and Pask 
1965 a; Day and Stokes 1964, 1966) glide occurs with equal ease on either 
system. 
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Propagation of slip takes place by the multiplication of dislocations 
by a double cross-slip mechanism (Johnston and Gilman 1960; Argon and 
Orowan 1964 a), usually on orthogonal ( 110} ( 110) systems. Although two 
pairs of these slip systems are stressed in cube-oriented crystals, only 
one orthogonal set usually operates, due to the strong exclusion of oblique 
Slip(1) (Washburn 1963), but when oblique slip does occur, the rate of 
workhardening increases rapidly (Alden 1964). 
Oblique slip occurs on systems which are not orthogonal to the operating 
t t angles of 600 slip systems. In MgO oblique slip systems intersec a 
o 0 
or 120; in orthogonal systems intersection occurs at 90 • 
r i gu rf' {1. 1 ) 
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In polycrystals the lack of a sufficient number of mobile slip systems 
causes brittleness up to high temperatures. The six available (110} (110) 
slip systems resolve into only two independent systems (Groves and Kelly 
1963), and only at high temperatures, where {100} (110) slip becomes freely 
available (at atmospheric pressure) and the von Mises criterion of five 
independent slip systems is satisfied (von Mises 1928), (Taylor 1938), does 
ductility become possible (eg. as in LiF, Scott and Pask 1963; Budworth 
and Pask 1963, and in MgO, Hulse et ale 1963; Vasilos et ale 1964; Day 
and Stokes 1966). 
By deforming polycrystals under hydrostatic pressure one would expect 
to be able to activate some of the "hard" slip systems without fracturing 
the specimen, and also perhaps, to cause secondary deformation processes 
such as twinning or kinking to operate, as suggested by Tegart (1964). 
The present investigation was in the nature of a survey of the 
deformation of magnesium oxide under pressure in both polycrystalline and 
single crystal form. No experimental work on materials having the NaCl 
structure has been reported since Bridgman's in 1937, except on PbS by 
Lyell and Paterson (1965). Since PbS is much weaker than MgO, has opposite 
ionic polarisability characteristics, and deforms most easily on t100} planes 
(Gilman 1961), it was not surprising that the deformation of MgO under 
pressure differed in many important respects from PbS. 
Single crystals of MgO were deformed in both the (001) and (111) 
directions with novel results in both orientations, and the (111) crystals 
were also deformed at elevated temperatures. Polycrystals were deformed 
at room temperature up to 10 kiiobars pressure and at elevated temperatures 
to 7500 C and 5 kilobars pressure. Simple kinking on ~ 1O} (110) systems 
was established as a common mode of deformation in polycrystals and in 
single crystals having the (1 11) orientation, and evidence for ductile 
'wavy' glide in polycrystals was found at 400oC, and 5 kilobars pressure, 
nearly 10000 C lower than 'wavy' glide OcCUrs at atmospheric pressure. 
Note on the Unit of Pressure 
Following the recommendation of the Lake George Conference on Very 
High Pressure, (June, 1960), the kilobar will be used as the unit of 
pressure, abbreviated in the text to kb. 
-2 1 kb is equivalent to 1020 kg-cm , 987 atmospheres, 14,504 psi. 
9 -2 . 
or 10 dyne.cm • To a first approximation, 1 kb = 1,000 atmospheres or 
15,000 psi. (Bundy and Strong 1962). 
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CHAPTER 2. 
Experimental Materials and Apparatus 
Experimental Materials 
1. Single Crystals 
Single crystal material was obtained from two sources. The bulk 
of t he single crystals were cut from two fusion boules supplied by 
w. & C. Spicer Ltd., England, and several large crystal blocks measll!ing 
1"x1"x11l' which originated from Norton Company, U.S.A.(1) were also used. 
Individual grains were extracted from the boules by carefully 
breaking out blocks of crystals and separating individual grains with a 
small chisel. Figure (2.1) shows typical crystal aggregates with the skull 
of fritted powder ground off, individual grains, and the single crystals 
cleaved from them. 
Both crystal materials were of good quality, transparent and without 
colour, although the Spicer boules contained occas i onal zones of cloudiness, 
which indicated the presence of precipitated particles. There is no doubt, 
however, that the Norton blocks also contained pr ecipitate particles in 
abundance, because ample evidence for precipitates in Norton crystals has 
been produced by May and Kronberg (1960 b) in deformation experiments, and 
by Venables (1961, 1963), and Bowen (1963), Henderson (196 4) and others in 
the electron microscope or in the ultramicroscope. The spectrographic 
analysis of single crystal material from both sources is given in the 
following Table :-
Courtesy of Professor A.E. Ringwood, Department of Geophysics, 
Australian National University. 
F1ISioli bOllle or IlIa,(~Ilt:'silllll oxide wit!1 
e t rae ted I; r a i Il:-. a II del f' a v e d c I' y S tal s • 
\1;q~lIil icatil'll x I 2 · 
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Table (2.1). Typical Spectrographic Analysis of MgO Crystals. 
Element Concentration, ppm 
Norton(1) Spicer(2) 
Ca 300 150 
II 200 200 
Si 110 ND 
Fe 150 50 
Na 60 50 
K 20 ND 
Zn ND 20 
S 10 ND 
Zr 10 ND 
(1) Bowen, (1963) (2) Henderson, (1964) ND = not determined 
Traces of other metals were also detected, but only in very small 
amounts. 
The exact composition of the precipitate particles has not yet been 
determined, although it is suspected that they contain the oxides of iron 
or zirconium (Bowen 1963, Venables 1963) or the cubic spinel ~~O. Al203 
(Henderson 196 4). 
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These precipitate particles have a strengthening effect on mechanical 
properties, as shown by Hulse and Pask (1960) and by May and Kronberg (1960 a) 
and others. The method of production of the fusion boules however, which 
involves slow cooling from high temperature, is most likely to leave the 
material in a consistently 'hard ' condition, where the grown-in dislocations 
are fully 'locked' by the precipitates (Venables 1961; Stokes and Li 1963b ) . 
No significant differences in behaviour of single crystal specimens cut 
from different parts of the Spicer boules were detected under pressure, 
12 
and the difference between Norton and Spi cer crystals in the "as received" 
condition was also within the limits of the scatter of experimental results. 
2. Note on the Production of Fusion Boules. 
The production of very coarse-grained boules of magnesium oxide on 
a laboratory scale has been described by Rabeneau (1964). The boules, 
which were similar to those supplied by Spicer Ltd., were made by fusing 
pure magnesia powder in an electric arc, the molten pool of magnesium 
oxide being held in a "skull" or lining of unfused powder. By controlling 
the cooling rate of the melt, a very coarse-grained mass could be produced. 
Strong and Brice (1935) have also described the occurrence of large 
crystals during the manufacture of very large masses of magnesium oxide by 
electric fusion. A layer of large crystals was formed in a band about 
3 inches from the outside of the ingot by a process of differential 
crystallisation. The crystals were usually purer than the rest of the 
ingot, containing approximately 200 ppm. Si, 250 ppm. Fe and 250 ppm. Ca, 
which is of the same order of impurity content as the material used by 
Bowen (1963) (see Table 2.1). 
3· Polycrystals. 
Polycrystalline specimens of three different types and grain sizes 
were obtained as follows:-
a) Norton Specimens 
One hundred polycrystalline specimens approximately 7 mm. diameter 
and 15 mm. long were supplied in three batches by Norton Company. These 
were uniformly coarse-grained, usually about 0.5 mm. diameter with 
occasional larger grains up to 0.8 or 1 mm. diameter. The presence of 
columnar grains in some specimens suggested that they had been cut from 
fusion boules. They were of nearly theoretical density, and were usually 
transparent when polished. 
b) Thermal Syndicate Specimens 
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Three cylinders of fine-grained MgO were supplied by Thermal 
Syndicate Ltd., England. These had been produced by isostatically pressing 
fine powder at 10 tons per square inch, followed by firing in air for 
20 hours at 1700oC. These specimens were approximately 97% of theoretical 
density, and had a very uniform fine grain size of approximately 30 microns 
diameter. Two specimens 6 mm. diameter and 12 mm . long were cored from 
each cylinder. 
c) Hot-pressed Specimens 
Dense polycrystalline MgO cylinders were made by vacuum hot-pressing 
magnesium oxide powder in graphite dies at 1 OOOoC , using a technique 
developed for producing transparent bodies for optical use in the infra-red 
range, (Rice 1962, 1963; Hafner et ale 1962 ). Densification and removal 
of the lithium fluoride was achieved by heating for 3 hours at 13000C in 
air . A fuller account of the method is given in Appendix 1. 
This process is capable of producing an optically clear aggregate 
of uniform fine grain size and full theoretical density. In the present 
case the specimens were not uniformly transparent; they contained small 
thin discs of white opaque material which, when finely dispersed, gave a 
"snow-flake" effect. Nevertheless, most of the volume of the pressings 
was quite clear, they were uniformly fine-~ained (10 to 15 microns 
diameter) and of apparently full theoretical density . Fifty five specimens 
10 mm. diameter and 15 mm . long were made by this process. 
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Some details of the various experimental materials used are summarised 
in Table (2 .2) below. 
Preparation of Specimens 
1. Single Crystals 
a) ( 001/ - oriented crystals 
Since magnesium oxide cleaves readily in the cube direction, the 
irregular gTains extracted from the boules were reduced to cube-oriented 
blocks by cleaving with a sharp chisel , as shown in Figure (2.1) . 
Specimens 4 to 5 mm. square and 10 to 12 mm . long were then cleaved from 
these . The compression faces were lightly ground in a ji ~ to give true 
flat and parallel faces . 
b ) ( 111) - oriented crystals 
The compression axis of <111) - oriented crystals runs diagonally 
through the cube block. Rough grains from the Spicer fusion boules, 
large enough to provide (111) crystals were mounted on a two- axis goniometer 
stage and the ( 111) axis oriented by reference to the three sets of (100) 
cleavage facets . The grain was then mounted in epoxy putty in a square 
mould , and one of the (11 1) compression faces cut with a diamond saw. The 
orientation of this face was checked by trueing a back- reflection Laue X- ray 
photograph before cutting the other faces of the specimen. The longitudinal 
faces of the specimen were s awn parallel to the (110) and (112) planes of 
the crystal in order to provide rational crystallographic faces for the 
examination of slip traces . Usually , the <111) - oriented crystals were 
true to within approximatel y 10 of the desired crystallographic direction, 
but internal features such as subgrain structures could affect orientation. 
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Table (2.2). Single Orystal and Polycrystalline MgO used for 
Deformation Experiments 
Supplier I Type of Method of Impurities - % Density Grain 
Specimen Production grams/ Dia. 
CaO 
J 
Al203 I Si02 Fe203 2 cm 
,- --- --- -----~-l 
Spicer Single Fusion 
Crystal Boule 0.025 0.04 0.015 3·57 
Norton " " 0.05 0.04 0.04 0.04 3·565 
Norton Polycrystal 
" 
2% total impurities stated 3·55 0·5 
to to 
3·57 1mm. 
Thermal " Isostatic 
Syndicate Pr~ss an~1) 0.08 0.1 0.06 3·48 30 u 
SJ.nter 
Mallincrodt l " Hot Press (2) I 0.07 0.04 I 0.015 I 3·56 I 10-15 u 
1 ) Sintered 20 hours at 17000 C. 
2) 0 Heat-treated 3 hours 1300 C, furnace cool . 
Ln 
-
2. Polycrystalline Specimens 
The polycrystalline specimens were prepared by grinding the ends 
true, and polishing the cylindrical faces with medium and fine wet 
carborundum papers in a lathe. Flats were sometimes ground on the sides 
of the coarse-grain specimens with a diamond wheel to facilitate the 
measurement of slip traces. The specimens were then chemically polished 
as described below. 
Chemical Polishing 
Single crystals with sawn faces were polished on a series of wet 
carborundum papers down to 400 grit size to remove the effects of sawing. 
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A final polish in 85% orthophosphoric acid at 1200 C removed the remaining 
surface damage and provided a smooth surface suitable for microexamination. 
Care was taken to pre-heat the crystals in boiling water to reduce thermal 
shock before immersion in the hot acid and they were washed in boiling 
water and rinsed with alcohol after polishing. 
Cleaved crystals were chemically polished only if microexamination 
of the surfaces was required. Although significant differences in mechanical 
behaviour under pressure was found between polished and cleaved specimens, 
these differences were not nearly so pronounced as the effects observed at 
atmospheric pressure by Stokes et ale (1961) , and May and Kronberg (1960 a), 
because under pressure catastrophic failures were suppressed and only 
differences in plastic deformation were observed. 
All polycrystal specimens were chemically polished before testing, 
and thoroughly dried by heating to 1400 C in air, to prevent embrittlement 
at high pressures due to the presence of residual liquids in pores on the 
surface. (Bridgman , 1952 p.125)· 
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Etching was usually carried out at room temperature in a mixture 
of five parts saturated ammonium chloride in water, with one part sulphuric 
acid and one part water. This reveals fresh dislocations on cube faces. 
(stokes et al. 1961). In polycrystals having random faces exposed, an 
etch consisting of 30% conc. HCI, 10% saturated NH4CI and 60% water was 
used boiling. Specimens were immersed for only one or two seconds in 
this solution, (Washburn et al., 1959). 
APParatus for High Pressure Deformation 
Two pieces of apparatus were used to deform the MgO specimens under 
pressure. The first, using kerosene as the confining fluid, was restricted 
to tests at room temperature (Paterson, 1964 a) while the second, using 
compressed argon gas , was fitted with an internal furnace for testing at 
elevated temperatures. Both were designed and built by Dr. M.S. Paterson 
at the Australian National University, the room temperature apparatus to 
operate up to 10 kb. pressure, and the high temperature apparatus to 5 kb. 
o pressure and to temperatures in excess of 1000 C. Since the same 
principles of construction were used for both pieces of equipment, 
modified only to suit the pressurising media, it will suffice to briefly 
describe the room temperature apparatus and note the special features of 
the high temperature apparatus as required. 
In principle the apparatus consists of a pressure chamber which 
holds the specimen, having two pistons yoked together which enter the 
chamber to deform the specimen (Figure 2.2). Confining pressure is 
applied by an external intensifier, ratio approximately 16:1, primed by 
an air-driven pump which can deliver up to 2 kb. pressure (room tempera-
ture apparatus) or by pressure exchangers which pre- compress the gas to 
I 
~~-------------------------~ 
2 or 3 kb. in the high temperature apparatus. The pressure is maintained 
at any desired level by pumping on the intensifier, the pumps being 
operated by a contact or-controller activated by a manganin wire pressure 
gauge . Displacement and load are recorded on a two-pen recorder fed by 
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a linear variable differential transformer and a load cell respectively, 
and control of temperature in the high temperature apparatus was obtained 
simply by using a controlled voltage line and a Variac transformer. Either 
compression, tension or extension tests could be performed, but in the 
present experiments only compression tests were made. 
The general arrangement of the room temperature apparatus is shown 
in Figure (2.2a). A baseplate B supports the high-pressure cylinder C 
in which the specimen is tested. Pistons P, of equal diameter, enter the 
cylinder at top and bottom. These are yoked together by a rigid frame Y, 
so that they move in a complementary manner and maintain constant volume 
(and therefore constant pressure) within the chamber during the test, 
(after Griggs , 1936). 
A sub frame holds the hydraulic jack J, which loads the specimen by 
moving the yoke and pistons upwards. In compression tests the bottom 
piston only is used, and in tension or extension, the top piston. A small 
jack, (not shown in the figure) mounted above the yoke, serves to push 
the yoke assembly down against the friction of the piston seals. 
The load acting on the specimen (i.e. the differential load) is 
measured directly (plus friction on the pistons) by the load cell L 
because the component of the confining pressure acting on the pistons 
cancels out within the framework of the machine (Griggs, 1936). For the 
same reason the jack has to do no work against the confining pressure. 
The rate of loading is controlled by a hand pump (or a variable speed 
electric motor in the high temperature apparatus) and a screw-driven jack 
connected to jack J, and displacement is measured by means of the linear 
differential transformer D mounted between base B and frame Y. 
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Access to the chamber is obtained by removing plug E from the top 
crosshead of the frame, and withdrawing the top piston assembly up through 
it. 
In the room temperature apparatus, kerosene was used as the pressur-
ising fluid in the present tests up to 10 kb confining pressure, although 
it becomes very viscous above 8 kb pressure and petroleum ether is to be 
preferred when measuring small loads. Magnesium oxide is extremely strong 
at high pressures, however, and no difficulties were encountered because 
of the viscosity of the kerosene. 
Argon gas reaches a high density at 5 kb but does not liquify; no 
viscosity problems therefore arise in the high temperature apparatus. 
Specimen Arrangements and Jacketing 
1. Room Temperature Apparatus. 
The arrangement inside the chamber for compression testing is shown 
in Figure (2.2b). The chamber measures 11 inches diameter and 6t inches 
long and is sealed at each end by plugs fitted with 'Of-ring seals. The 
pistons are also sealed into the plugs with 'Of-ring seals (Paterson, 1962). 
The specimen S is held in container A between a lower anvil F, 
through which the specimen is loaded, and an upper anvil B which provides 
the reaction against the chamber body above. Axial loading at the beginning 
of the test is assisted by a hemispherical seating in B. 
The specimen is mounted between two hardened steel end-pieces E held 
in place by the jacket J which also serves to exclude the confining fluid, 
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FIG I HE ( 2 . 2 ) ROO~1 TEMPERATI ' RE APPARAITS 
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(I» ArraJlF,emellt of' til -,perimf'11 iJl:-;ide the hit;h pre sure 
chamber' . 
lPE""EN ~ItVIL 
O·If/He 
.JEIILJ 
FIIRNAU 
UIIU 
DETAIL OF 
t:W.!t 
CYLINDER 
rigure ( 2.J) Arrangem nt of the t->pecimen a-;~ mbly and the 
furnare in til high temperatlJre apparatu - . 
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and the jacket is sealed onto the end-pieces E with tightly fitting rubber 
rings R. Packing pieces of tungsten caxbide may be inserted between the 
specimen assembly and B to reduce the volume of pressurising fluid in the 
chamber. 
An impervious jacket is necessary to exclude the pressurising fluid 
and prevent the development of an embrittling "pore pressure" (Bridgman, 
1952). Below 5 kb confining pressure, rubber tUbing 1t mm. wall thickness 
provides a robust jacket of very low strength, but above 5 kb the rubber 
enters a "glassy" stage and can support appreciable loads (Paterson, 
1964 b) which must be allowed for (see Appendix II). Thin latex jackets 
support negligible loads at all pressures but swell and soften in kerosene 
and become easily punctured by sharp corners or by sudden yielding of the 
specimen. The use of a double latex jacket provides a more reliable seal 
having negligible strength. 
Thin-walled annealed copper tubing was also used to jacket certain 
specimens when it was found that the jacket material had a secondary 
~Ia"cielllnq 0 F 
bA?AoBi~e effect on/the specimen. This aspect of j acketing will be dis-
cussed in a later section. 
2. High Temperature Apparatus. 
Impervious metal jackets are necessary to withstand the high tempera-
tures involved in this apparatus and continue to exclude the high pressure 
gas. For the present tests, annealed seamless copper tubing 1 cm. 
internal diameter and 0.025 rom. wall thickness was used . Copper is satis-
00 1 factory up to 800 C or even 900 C but nickel or stainless stee are 
necessary at higher temperatures. The general arrangement of the specimen 
is similar to that in the room temperature apparatus except that the 
anvils are made of high speed steel, tungsten carbide or titanium carbide, 
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and are contained whol l y within the copper jacket. The specimen is 
placed inside the jacket with an anvil a t each end and the jacket is then 
drawn on to the reduced ends of the pistons by pressing on a tool- steel 
or carbide ring to give a strong, gas- tight seal. The specimen-piston 
assembly is then mounted in the apparatus . Figure (2.3) shows how the 
specimen, pistons and furnace fit inside the steel casing. The furnace 
windings are placed on the inside wall of the 'Alsimag ' refractory core 
and the furnace assembly, including top and bottom insulating pieces, is 
held in a stainless steel tube (not shown in the illustration). The 
thermal insulation provided by this arrangement ensures that the tempera-
ture of the inner surface of the main body of the apparatus will never 
exceed 2000 C, which is well within the stress-temperature limits of the 
5% Cr. hotwork steel at the design limit of 10 kb internal pressure. 
When the specimen was less than 10 mm. diameter a copper insert was 
machined to fill the remaining volume. This required a series of cali bra-
tions to measure the load carried by the copper inserts at various tempera-
tures (see Appendix III). 
Temperature calibrations were made using a hollow top piston and 
specimen assembly. A Thermocoax thermocouple was passed through the top 
piston into the specimen and the temperature gradient measured by moving 
the couple up and down inside the specimen. 
Calibration of the temperature and the current settings for minimum 
thermal gradient (usually about 20 ) were made against the temperatures of 
the top and bottom of the furnace refractory block, where ~hermocoax 
couples were permanently installed . 
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Deriyation of the Stress-strain Curve 
The details of load and disp+acement recorded on the chart were 
corrected for errors as follows :-
Strain 
This included apparatus distortion which amounted to approximately 
0.1 rom. per ton of applied load in both apparatus. By dividing the 
corrected deformation by the length of specimen, the strain figure was 
obtained. 
Stress 
This included piston friction, which was recorded independently at 
the beginning and end of each test by moving the frame Y (Figure 2.2a) 
with the specimen free of load, and the load carried by the jacket. The 
corrected load, divided by original crossection area, gave the stress at 
moderate strains (to 10%). 
For higher strains the stress is better approximated by 
load X (1+ strain) where tensile strain is positive. 
original crossection area 
Rate of Straining 
In both pieces of apparatus a straining rate of 10-3 per second was 
applied . This was found to vary :10% depending on the dimensions of 
individual specimens. 
· 
CHAPT.c.:R 3. 
Deformation of MgO Single Crystals in the 
~001 > Direction 
The yield stress of ~~O single crystals gliding on t 110} (110) 
systems was not expected to be influenced by high confining pressures 
because the elastic forces of the crystals were much larger than the 
applied pressures, and the Peierls stress of the dislocations was small 
(Huntington et al . 1955) . It was surprising therefore, when a large 
increase in yield stress and in rate of strainhardening appeared above 
5 kb pressure in preliminary experiments, and much of the subsequent 
experimental worle on these crystals was directed towards explaining this 
anomaly . 
More detailed investigations showed that strengthening was caused 
by the operation of non- orthogonal {110} <110> slip systems simultan-
eously , caused by the constraints imposed by the rubber sealing jackets . 
The simultaneous operation of oblique slip systems is usually strongly 
excluded in NaCl - type structures (Alden 1964) at atmospheric pressure , 
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but the experimental conditions under pressure caused oblique slip systelns 
to react without fracturing , to produce rapid strain hardening . Deforma-
tion of the crystals was also affected by their surface condition, by 
heat treatment and by the type of sealing jacket used . The dislocation 
reactions involved also produced an unusual form of kinking involving 
movement of disl ocations on {1 12} planes . 
il 
1 
I 
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i) Effects of pressure on stress- strain behaviour 
Cleaved crystals approximately 4 mm . square in cross - section and 
10 mm. long were deformed at pressures between atmospheric and 10 kb, 
sealed in rubber jackets . Details of the mechanical test results are 
listed in Table (3 . 1) , and typical stress- strain curves drawn in 
Fipure (3 . 1). Before these tests were made, a brief comparison between 
heat- treated (3 hours 13000 C, air cool) , chemically polished , and 
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"as cleaved" specimens was made at 2 kb pressure to determine the most 
suitable method of sample preparation. No significant differences in 
yield strength were found at this pressure, but both the heat- treated and 
the polished specimens suffered longitudinal tensile cracking at small 
strains . Thin latex sealing jackets were also used, but they tended to 
split on the sharp edges of the specimens, causing premature failures . 
The preliminary experiments were therefore made on cleaved crystals in 
rubber jackets . 
Below 5 kb, pressure had little effect on yield strength, but the 
rate of strain hardening increased rapidly with pressure and with strain. 
Above 5 kb, however, a large increase in yield strength occurred and the 
rate of strain hardening increased even further . The increase in strength 
above 5 kb coincided with a large increase in elastic modulus and yield 
strength of the rubber jackets, caused by the appearance of a "glass 
transition" (Paterson 1964b) , and it was necessary to make careful 
measurements of the loads carried by the jackets before the stress on 
the crystal could be calculated (see Chapter 2 and Appendices II and III) . 
In the present experiments the loads carried by the jackets at 8 kb 
and 10 kb were about the same as those applied to the crystals , and the 
corrections were therefore large ; moreover, the rubber corrections 
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Table ( 3.1). Effect of Pressure on the Yield Strength of <001) - oriented 
Crystals in Rubber Jackets 
Cleaved Crystals 
Specimen Pressure Yield Str ain W (1) Kinks 
No . Stress ~ 
- 2 - 3 
W1 
kb kg-em x10 % 
1 0 1.2 3. 0 0 . 05 N 
2 1.0 2·5 0 . 06 II 
3 1 1.2 2 · 35 0.1 0 " 
4 1.24 6 . 7 0 . 035 II 
5 1. 30 18 . 8 0. 08 11 
6 2 1.25 8 · 7 0. 23 II 
7 1.17 21 · 7 0 . 07 It 
8 5 1.22 1. 7 0 .1 5 It 
9 1.26 9 · 5 0. 18 K 
16 8 1. 45 0 · 94 0·33 N 
17 1. 6 3·1 4 0. 20 BK 
10 1.73 6· 9 0 · 37 " 
11 1·36 10. 4 0. 29 II 
12 1. 6 16· 3 0. 26 II 
13 10 1.82 3· 31 0. 63 II 
14 1.9 7 . 4 0· 35 II 
15 1. 75 11.25 0. 42 II 
Polished Crystals 
37 8 1.56 1. 67 0.12 N 
38 1. 45 3· 0 0. 29 II 
39 1. 6 8 · 3 0 .1 2 
II 
i 
(1) Ratio of the lateral strains parallel to the lI activelt and "inactive ll 
directions of slip. 
N = no kinks , K narrow kinks , BK broad kinks 
'T 
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Effect of Pressure on Yield Strength of ( 001) -oriented 
Crystals in Latex Jackets 
Cleaved Crystals 
Specimen Pressure Yield Strain W (1) Kinks 
No. Stress 2 
- 2 -3 
11 
kb kG-cm x10 % 
21 1 1.15 1·5 0.06 N 
22 1.42 3· 8 0.09 11 
23 1.25 11 0.07 11 
24 5 1.28 1.5 0.09 11 
25 1.17 5 · 0 0 .1 0 " 
26 1.25 10 0 .1 0 11 
27 8 1.17 1·7 0 .11 11 
28 1.23 3·5 0.1 0 11 
29 1.20 11 0 . 08 BK 
30 10 1·55 3· 9 0.1 8 N 
31 1.25 5· 3 0.1 2 K 
32 1.40 10·3 0.15 BK 
( 1 ) Ratio of lateral strains parallel to the "active" and "inactive 1l 
directions of slip . 
N = no kinks , K narrow kinks, BK broad kinks 
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themselves were rather uncertain at small strain~ (measured on copper 
specimens - see Chapter 2 and Appendix III), which made the calculation 
of the yield stress of the crystal uncertain . Beyond 2% total . strain , 
however, the rubber corrections were more reliable and the plastic strain 
curves of Figure (3 .1 ) did therefore represent real strengthening effects. 
Although a single layer of latex sealing jacket was weak and un-
reliable , the use of a double layer prevented rupture . Crystals were 
therefore deformed in double latex jackets with the results given in 
Table (3 . 2) and Fi~e (3 . 2) . Here the yield stress and rate of strain 
hardening were relatively unaffected by pressure, as was expected. In 
both sets of experiments, however, the rate of strainhardening was hieher 
under presSltre than at zero pressure (see Figure 3.1). 
Evidently the presence of strong rubber jackets, forced against 
the crystal under pressure, had introduced impediments to macroscopic 
deformation which the latex jackets did not . 
Microexaminations of deformed crystals 
Although the crystals were symmetrically shaped before deformation 
they always deformed unequally in the lateral directions • . One pair of 
longitudinal faces bul ed outwards while the second pair remained flat . 
This was caused by the strong latent hardening capacity of MgO , which 
inhibits glide on slip systems acting non- orthogonallY to the operating 
systems . To determine the extent of oblique slip, the specimens were 
cleaved longitudinally , parallel to the most active slip direction 
(i.e. parallel to the flat faces), and examined in transmitted light 
between crossed polarisers . The stress- birefringence effects revealed 
many narrow dislocation bands, long kinked dislocation bands, and kinked 
intersections of orthogonal bands, as shown in Fi(~e (3 .3) . These are 
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the structures usually found in HgO deforming on orthogonal ( 110) <110) 
slip systems (Stokes et al . 1958), and were recently analysed in detail 
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by Argon and Orowan (1964 a) . Arrays of fine microcracks were also 
present lying e.lrhe"( on [IIO} or on {100) planes ,which were formed 
by dislocation pile- ups at kink band boundaries (Johnston et al . 1962) . 
These cracks did not propagate even during depressurising . Signs of 
oblique slip were also visible as diffuse birefringence effects between 
the orthogonal bands in Figure (3.3). The general appearance of the 
"active" slip systems did not vary noticeably with pressure or with jacket 
material. In sections cleaved parallel to the "inactive" direction 
however , the amount of deformation varied , tending to be greater after 
deformation under high pressure in rubber jackets. It is significant 
that in all the specimens examined, evidence of oblique slip was found , 
indicating a capacity for workhardening under high pressure which is not 
usually found at atmospheric pressure (Argon and Orowan 1964 a) . 
A second striking feature of the deformed crystals was the appear-
ance of kinking along the longitudinal edges, parallel to the compression 
axis . Kinking was confined to crystals deformed in rubber jackets at 
8 kb and 10 kb pressure; usually no kinking occurred in latex jackets 
except after large deformations at 10 kb pressure . 
Supplementary experiments suggested that 
a) kinking did not appeax in cleaved crystals until after at 
least 1% plastic strain in rubber jackets, or after much larger strains 
in latex jackets, 
b) kinking was supressed by polishing the surfaces in hot acid , 
ven after 8% strain in rubber jackets (see Table 3.1) . 
Orthogonal 
dislocation 
band. 
Micro-cracks. 
Oblique 
di location 
band. 
F i gu re (J • J) 
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Kinked intersections. 
Microstructure of deformed crystal showing 
orthogonal and oblique di location band , kinked 
intersection and micro-crack • Magnification x 125 
Compres ion axi vertical. Plane. of F'qvre... 000) . 
(Stres -birefringence effects revealed in 
transmitted light between cro ed polari ers.) 
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This type of kinking is associated with the simultaneous operation 
of oblique slip systems (Kear et ale 1959; Stokes et ale 1961, 1962), 
which appear to be encouraged by the presence of a rubber jacket and a 
cleaved surface at high pressures. A more detailed analysis of the kink 
structures will therefore be given after the interaction of oblique slip 
systems has been examined. 
ii) Latent hardening experiments 
Crystal structures have a high latent hardening capacity when strong 
exclusion of oblique slip systems by the operating ortho30nal slip systems 
occurs. Orthogonal slip systems strain harden very slowly in the 1,aCl 
structure (Huntington et ale 1955; Stokes et ale 1961; Hoover and Wash-
burn 1962; Washburn 1963), but rapid hardening occurs when oblique 
(i.e. non-ortho6onal) slip systems intersect because the jogs formed 
at oblique intersections are not mobile (Kear et ale 1959), and it is 
the stability of these sessile jars which determines the strength of the 
"latent" slip systems(1). 
Oblique slip may be further excluded by introducing the "shape 
effect" (Dommerich 1934; Alden 1964), Le. by using slab-shaped specimens 
of rectangular cross-section, in which deformation occurs only in the 
short dimension of the cross-section where the glide path is shortest. 
(1) The latent hardening effect is thought to be associated with the 
electrical polarisability of the structure (Buerger 1930; Gilman 
1959). Crystals having weakly polarised structures (e.~. LiF, ~~O) 
have a high capacity for latent hardering and crystals having 
strongly polarised structures do not (Alden 1964). 
Cleaved specimens 8 mm . SQuare and 3.5 mm . wide were sealed in 
rubber jackets and pre- strained at 1, 5 or 10 kb pressure . Straining 
in the "latent" direction, at right angles to the pre- strain, was made 
under the same confining pressure , with the results given in Table (3 . 3) . 
Measurements of the changes in all three dimensions of the crystals were 
recorded . 
These resul ts were sufficient to give only an approximate indica-
tion of the latent hardening characteristics of magnesium oxide under 
pressure , but among the tentative conclusions which may be drawn are 
several pertinent to the effects of the sealing jackets on the strength 
of the syw~etrical crystals . The results suggest that 
1) the yield stress in the pre- strain direction was constant 
and independent of pressure because the oblique slip systems 
were relatively inactive . (The corrections for the rubber 
jackets were less important in these crystals because their 
crossections were three times larger than the symmetrical 
crystals of Table (3 .1 ) , and the yield- stress calculations 
were therefore more reliabl e) . 
2) The yiel d stress in the "latent" direction increased with 
confining pressure and with increase in the amount of pre-
strain. 
3) The latent hardening increment under pressure was small com-
pared with Al den ' s predictions ( in LiF the yield stress in 
the l atent direction was increased by a factor of fifteen) . 
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4) The rate of workhardening during pre- straining did not increase 
with confining pressure . In the "latent direction workhardening 
was more affected by the amount of pre- strain than by pressure . 
Table L2..0l. Latent Hardening in <001) Crystals of ~~o Deformed under Pressure 
Specimen Confining 1. Prestraining II. Second Straining 
No . Pressure 
Yield (1) Strain Yield (1) Strain 
LH 1 
2 
3 
4 
9 
5 
6 
(1) 
kb Stress 
1 1.2 
1.2 
5 1.15 
1.0 
1. 4 
10 1.1 
1.2 
-2 - 3 Stresses in kg-em x10 
% Stress 
2.2 2.0 
6.4 2·7 
2·5 2.16 
7·5 3·8 
7·0 3· 4 
3. 0 2·7 
8·3 3·7 
(2) W 1 strain % parallel to the narrow faces. 
W2 strain % parallel to the broad faces. 
(3) Latent hardening (yield stress in direction II) 
- (maximum stress in direction r) 
% 
8.6 
5·6 
11.9 
7·9 
5·1 
8·7 
9·7 
Cleaved crystals 
Lat~n\Hrd- Rate of (1) Ratio W (2) 2 
em.ng 1 Workhardening W1 Increment (31 a t 27'~ strain I II I II 
0.43 10. 4 11.6 0.10 0·3 
0.45 8 28 0.04 3·6 
0·73 11.4 17 0.085 5·0 
2.12 10 21 0.04 0·91 
1.1 12 20 0.097 6.25 
0.85 12 14.4 0.05 0.23 
0. 43 13·2 19·2 0.1 4 0·37 
W 
0-
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5) The change in shape of crystals after deformation was a good 
indication of the amount of slip taking place . 
The ratio between the percentage changes in width of the broad 
face (W2) and the narrow face (W1) of each crystal are also given in 
Table (3 . 3) . During pre- strain, only a small , fairly constant, proportion 
of the deformation was absorbed by oblique slip, indicating a high latent 
hardening capacity, but during the second straining the broad face sometimes 
increased 3 to 5 times faster than the narrow . Clearly , no unequal impedi-
ment to either of the two pairs of oblique orthogonal slip systems was 
presented by the pre- strained slip systems or by the shape of the crystal. 
(iii) Discussion of early experiments 
The behaviour of pressurised crystals differed from those deformed 
at atmospheric pressure in that small amounts of oblique slip took place . 
Deformation always occurred by slip on dodecahedral planes, but the intro-
duction of oblique slip caused a rapid increase in rate of strain hardening 
with increasing pressure . 
The strainhardening effect was particularly associated with the 
use of rubber sealing jackets, which became stronger with increasing 
pressure . The constraints introduced by the jaclcets caused oblique slip 
systems to operate, which could be Quantitatively expressed in terms of 
the change of shape of the specimens after deformation. \Vhen no oblique 
slip occurred, the specimens widened in one direction only, but when it 
did operate, widening in both directions took place . The ratio of the 
deformations 
strain % in the least active direction 
strain c~ in the most active direction = 
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in the symmetrical crystals are gi ven in Tables (3. 1) and (3 .2) and the 
ratio 
strain % parallel to the broad faces W2 
strain % parallel to the narrow faces W1 
in the latent hardening specimens, are given in Table (3 . 3) . When plotted 
against confining pressure the relative change of dimensions of the rubber-
jacketed symmetrical crystals (Curve A, Fibure (3 . 4» was closely related 
to the amount of obl ique slip induced by the jackets . Latex jackets also 
appeared to induce small amounts of oblique slip (about 10% of the active 
slip, Curve B, Fi ure (3 .4»), and in the non- symmetrical specimens (Table 
(3 .3», oblique slip was supressed by the "shape effect" during pre- straining 
even in the presence of rubber jqckets (Curve C, Ficure (3 .4»). 
It mi"ht be expected that during the second straining of the non-
symmetrical crystals, the most active slip systems would again operate 
across the nRxrow dimension of the crystals, as in prestraining . The 
deformation ratio W2 (last colunm, Table (3 .3» shows, however, that slip 
W1 
took place almost at random durinJ the second straining . Some crystals 
slipped equally on both pairs of slip systems (i . e. LH ) while others 
slipped more in the broad direction than in the narrow (i. e. > 1) and 
W2 
others behaved as expected ( w-
1 
Latent hardening between the second 
and third pair of slip systems was clearly very variable under pressure . 
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iv) Effects of surface condition and heat treatment on stress-strain 
behaviour of ( 001 ) crystals 
The original opinion that surface condition, heat treatment and 
jacket material had no effect on the stress- strain behaviour of < 001) 
crystals under pressure, (pace 26), was not borne out by subsequent experi-
ments at higher pressures (Tables (3 . 1) and (3 . 2». l.lore detailed experi-
ments were therefore made in order to better establish the effects of 
these variables . In this second set of experiments the size of the crystals 
was increased to 6 mm. or 7 mm . square and 10 rum . to 12 mm ' long, which 
decreased the load carried by the jackets relative to that on the crystal, 
the strength of the rubber was also re- determined on solid rubber speci-
mens to provide more accurate stress- strain data up to 1% strain (see 
Appendix II), and the lOAd and strain ranges on the recorders were modified 
to provide more detailed records. 
The crystals were deformed either in the las received ' condition 
o 
or were heat- treated for 3 hours at 1300 C followed by air coolip.g, and 
the surfaces were left "as cleaved,,(1) or polished for 5 minutes in hot 
orthophosphoric acid before test. All tests were made at 8 kb pressure . 
Stress- strain results are given in Table ( 3. 1) for las received ' 
crystals and in Table (3.5) for heat treated crystals . The results in 
the las received ' condition were confused by variations of strength within 
the r;roups of specimens, but more consistent behaviour was obtained with 
heat treated specimens . As a result of the neVi rubber corrections and 
the more detailed records of load and strain , a "double yield" behaviour 
(1) Cleaved specimens were sprinkled witI-. coarse SiC powder after heat 
treatment. 
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was found in the rubber-jacketed specimens, as shO\m in Figures (3.5a and b) 
(listed as yield points I and II in Tables (3. 4) and (3.5)). In these 
-2 
curves the first yield point occurred at about 1,000 kg-cm ,followed by 
a period of very rapidly increasing strain hardening for about 1% to 2% 
plastic strain, after which an abrupt chan6e to a more normal slow rate of 
strain hardening occurred. 
The first yield point was not much affected by pressure (taking the 
scatter of results into account) , although specimens in rubber jackets were 
on average still stronger than those in latex jackets, but the second yield 
point was much higher, and corresponded approximately to the high yield 
stresses in the first set of experiments at 8 kb (Table 3.1 ) . These results 
therefore confirm that the critical resolved shear stress for yielding was 
not affected by pressure, and show that the flow stress was strongly 
affected by the presence of rubber jackets, particularly during the first 
one or two percent of plastic straining. A sli~ht indication of double 
yielding also appeared in one of the latex- jacketed specimens (8 - 14, 
Table (3.5)), but usually l atex jackets produced only small amounts of 
hardening . 
Three other features emerge from these experiments -
a) Cleaved specimens strain hardened more r apidly in both condi-
tions of heat treatment (see Fi'ures (3.5a and b)) . 
b) Kinking occurred in all cleaved specimens, even in latex 
jackets , at the large strains applied, but kinking did not occur in 
polished specimens deformed in latex jackets . 
c) Heat treatment and polishing did not affect the strength of the 
crystals . 
Table (3.1.). Effect of Surface Condition on the Deformation of 1'llg0 Crystals 
at 8 kb pressure . 
Condition : As received. 
Specimen Surface Jacket Yield Stress Stress at ~ 1) 
No. Finish 
-2 -3 given strai kg .cm x10 
S I II 5% 1a{o 
1 Cleaved Latex 1.1 5 - 1·96 2 . 85 
2 
" " 1. 2 - 1. 8 2 · 7 
23 " If 1· 3 - 2 . 0 -
, 
3 " Rubber 1. 0 1.42 2 . 05 4. 0 
21 
" " 1. 65 2 . 0 3. 0 5· 0 
25 " If 1.6 1·9 2 . 85 4 . 45 . 
26 Polished Latex 1.1 
- 2· 3 3· 3 
28 If 
" 1.2 - 2 .1 3· 0 
4 " Rubber 1. 0, 1. 45 1·7 5 2 · 9 
5 " " 1. 07 1. 56 1· 9 3· 35 
24 " I If 1. 6 - 2 . 65 . 3· 8 J I 
N = no kinks , K 
(1) k~ . cm-2x10-3 . 
narrow kinks , BK broad kinks . 
Total Ratio 
Strain 
Vl2 
% W1 
11 0 . 02 
10 0 . 01 
7 · 5 0 . 06 
10 0. 08 
16 0 . 01 
14· 7 0 .1 5 
16. 6 0 .1 3 
15·3 0 . 07 
12 0. 01 
13 0 . 05 
19 0 . 08 
Kinking 
BK 
" 
K 
BK 
" 
" 
K 
N 
K 
If 
" 
, 
I 
I 
~ 
tV 
Tabl e ( 3. 5) . Effect of Surface Condition or! the Deformati on of MgO Crystal s 
at 8 kb Pressure . 
Condition Heat t r eated 3 hr 1300oC , Air Cool. 
Specimen 
No . 
S 
13 
15 
27 
7 
9 
11 
12 
14 
16 
6 
8 
10 
---
Surface Jacket 
Finish 
Cleaved Latex 
Rubber 
Polished Latex 
Rubber 
N no kinks , K 
(1) - 2 kg . em x10- 3 
Yield Stress Stress at ( 1\ 
- 2 - 3 given strain kr' . cm x10 
I II 5% 10% 
1. 0 
-
2. 0 3· 6 
0· 95 - 1. 85 3· 0 
0 · 95 - 1. 65 2 . 8 
1. 0 1. 5 2 . 6 4· 3 
1· 50 1· 95 3· 0 4· 5 
1. 4 2 . 0 2· 9 4. 8 
1· 3 - 2 · 3 3· 4 
1 • 1 (1· 3) 1· 7 2 · 9 
1. 0 
-
2 . 0 3· 5 , 
1. 4 2. 6 4· 3 -
1. 5 2 .1 2 · 35 3· 6 
0· 95 1. 4 2 . 25 ' 3· 5. 
nar r ow kinks , BK broad ki nks 
Total Ratio 
Strain W2 
% W1 
17 · 5 0 .1 8 
20 0.1 
18 0 .1 3 
11. 7 0 .1 6 
11· 3 0 .1 8 
13· 8 0.1 2 
21 0 .1 2 
15· 5 0 . 15 
16 . 2 0 .1 5 
15 0 . 25 
13· 5 0 · 31 
15 0 . 11 
---~ --~--
Kinking 
K 
" 
" 
BK 
II 
II 
N 
II 
II 
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" 
" 
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It will be shown in the following that cleaved specimens had higher 
flow stresses and kiw{ed more readily than polished specimens because they 
contained larger numbers of dislocation sources, and oblique slip systems 
were more active in them. The effects of heat treatment and polishing 
can increase strengthening by an order of magnitude when internal disloca-
tion sources are pinned by impurity precipitates and all surface dislocation 
sources are removed by polishing (Stokes and Li 1963 b), but in the present 
experiments many fresh, mobile dislocation sources were unavoidably intro-
duced by contact between the crystal surface and the sealing jackets. The 
strength of heat treated and polished crystals was therefore always reduced 
thol' of 
to/the basic crystal strength in these experiments . 
Cons training effects of the rubber ,jackets 
The "double yielding" effect produced by rubber jackets coincided 
with a mismatch between the yield points of the rubber and the MgO crystals . 
10 - 2 The elastic modulus of rubber at 8 kb is 5 x 10 dyne.cm and the elastic 
strain at yielding is about 1%. In MgO the elastic modulus is 2.5 x 10
12 
- 2 d dyne.cm and the elastic strain at yielding is only 0 . 02~o. For most of 
the first 1% strain the rubber will therefore be in the elastic condition 
with a high modulus and the MgO will be in a plastic condition with a low 
modulus. The Poissons ratio of the rubber will be lower in the glassy 
elastic condition ("'-" 0.2) than that of the TgO in the plastic state (",-,,0.5)· 
A detailed examination of these factors, given in Chapter 5, suggests that 
-2 
constraints of the order of 300 k .cm could be applied by the rubber 
jacket durinb this period of straining due to the differences in Poissons 
ratio, and that in addition, the obstruction offered by the jackets to the 
formation of slip steps could also be considerable. 
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The appearance of a double yield point could therefore be correlated 
directly with the jacket constraints which arose i mmediately after the :MgO 
crystal had yielded and continued at a high rate until the rubber had yielded, 
followed by a smaller constraint due to the obstruction offered to the forma-
t o of 1 ° t dOt ° lOn( S lp s eps urlng subsequen plastic deformatlon . 
Oblique slip and kinking 
The preliminary experiments of Tables (3.1), (3.2) and (3.3) showed 
that the amount of oblique slip increased with confining pressure and amount 
of strain, particularly in cleaved crystals with rubber jackets . The results 
of Tables (3.4) and (3.5) confirm this and show that, at least at large 
plastic strains, the chan,oe of shape of the crystals was not much affected 
by pOliShing(1), presumably because of the fresh dislocations introduced 
at the surface by contact with the jackets as discussed above. 
The incidence of kinking was, however , controlled to a large extent 
by surface condition and by the amount of strain. In Table (3 . 1) the 
polished crystals did not kink at 8 . 3% strain at 8 kb pressure, but in 
Tables (3.4) and (3.5) strong kinking was found after 12 to 15% strain in 
rubber jackets, although little or none was found in polished crystals 
deformed in latex jackets . 
Kinking occurred above 5 kb pressure 
a) in cleaved crystals under all conditions , 
b ) in polished crystals only when deformed in rubber jackets 
between 8 to 12% strain. 
(1) The ratios W2 of Tables (3.4) and (3.5) are included in the spread 
W1 
of results in Figure (3.4). 
r-----____ _ ...... ------------------------.................... ~~~~~~~~~~~~~~~~~~ __ ~~~~~I '~~~~  
Since this form of kinking involves the combination of oblique 
D1 0) ( 110) slip systems , it 'should therefore occur when the ratio W2 is 
W 
large , but the ratios in Tables (3 . 4) and (3 . 5) are not always very 1 
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large , possibly because the aoplied strains were large . In the experiments 
of Tables ( 3.1 ) and (3 . 2) much smaller strains were applied and the rela-
tion between W2 was more systematic . 
W1 
Polishing may therefore be said to increase the latent hardening 
effect in crystals , while cleaving reduces it and promotes longitudinal 
kinking . 
v) Microexamination of Obliaue slip intersections 
The development of oblique slip Vias followed in polished crystals 
strained at 8 kb pressure in rubber jackets . After a small amount of 
deformation the crystals were etched in ~~4Cl solution (Stokes et al e 1961 
- see Chapter 2) to reveal dislocation bands, then the specimens were 
deformed further and re- etched . In this way the propagation of dislocation 
bands(1) was followed from the earl iest stages and the structures of the 
intersection zones of both ortho.;onal and oblique d. bands we'l'e.. followed, 
as shown in Figures (3 . 6) and (3 . 7) . 
In Figure (3 .b) the earliest star'es of deformation are shown on one 
face of the crystal. The bold vertical traces in the photographs represent 
one pair of active slip systems (the compression axis is horizontal), which 
(1) Dislocation bands represent slabs of the crystal filled with disloca-
tions to saturation. Neighbourin.; zones of the crystal remain 
undeformed , (Argon nd Orowan 1964 a) . Dislocation bands will be 
denoted "d . bands " in the following . 
I 
I 
are well developed and uniformly distributed. The second pair of slip 
systems are also beginning to spread across the crystal in an orthogonal 
pattern in Figure (3.6a) at 0.5% plastic strain, and slip continues to 
develop in both pairs of systems simultaneously, as shown in Fi5ure (3.6b) 
at 1% strain. The spacing of both pairs of slip traces is the same at 
t his stage - i.e. it is probable that under the restraint of the sealing 
jackets both pairs of slip systems are equally active at the beginning of 
deformation; it is only in the later stages of deformation that exclusion 
of one pair occurs. 
Vllien slip in MgO is confined to these dodecahedral systems, deforma-
tion in the crystal is extremely anisotropic and inhomogeneous. It is 
anisotropic because slip can occur only in the < 110) directions, as 
shown in Figures (3.6) and (3.7), and it is inhomogeneous, because the 
slipped volume is confined to bands of dislocations which are separated by 
large volumes of undeformed crystal, as shown in Figure (3.7), (Gilman 
1959; Argon and Orowan 1964 a). In a metal the whole volume of the crystal 
first becomes filled with a uniform distribution of fine slip, and bands 
of concentrated slip appear only in the second st~e of deformation, but 
in MgO each d. band becomes fully hardened (i . e. saturated with disloca-
tions) before it begins to consume more of the undeformed crystal by 
widening . at the edges. Widening may occur by multiple cross gliding 
between {110} and {100} planes (Johnston and Gilman 1959) or by a disloca-
tion "sprouting" mechanism involving the octahedral planes (Johnston and 
Gilman 1960; Argon and Orowan 1964 a), but this does not occur until the 
8 2) main d. band is filled with dislocations (to a density of about 10 per cm , 
involving a constant shear of 50 to 60 in the band. 
.. - .. 
These structures are shown in Figure (3.7a) in a polished crystal 
deformed 2% at 8 kb in a rubber jacket . An orthogonal pair of {110) <110) 
o 
slip systems had operated to produce d . bands oriented at 45 to the 
compression axis . Bands lying l~-SE had developed faster than those 
oriented NE- SW . The horizontal bands represent the second pair of slip 
systems lying oblique to the first pair. The central horizontal band 
has a zone of l ower dislocation density along its upper edge (indicated 
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by arrows) which shows the band in process of widening by lateral "sprouting" 
(Johnston and Gilman 1960; Argon and Orowan 1964 a) . The narrow bands of 
the inclined pair are also strongly kinked by the broad bands(1) . 
At the inters ection of the oblique d . bands no offset is visible, 
possibly because the shear is not in the plane of the photo Taph, or 
because other dislocation reactions have occurred which produce more complex 
effects without kinking. 
After restraining a further 1% and re- etching both sets of d . bands 
had widened in the manner described above . In Fi ure (3.7b) the d. bands 
are striped; the darker etching parts represent the bands of the first 
straining, darkened by re- etching, and the lighter parts are the new 
extensions of the d . bands . 
Fiu~rre (3 . 7c) shows another area at higher ma-nification. Here the 
zones of oblique intersection contain an~shaped structure, and a non-
dodecahedral d. band oriented at 27 0 to the compression axis has also 
appeared . 
(1) Kin.king of the ortho onal intersection volume is revealed by the 
changes in birefrin,;ence effects in Fi;ure (3.3)· 
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Figure (3.7d) shoVis a third field with well - developed oblique 
d. band intersections which also contain one or more .../"'"- shc,ped structures , 
which usually extend diagonally across the intersection between the acute-
a1'\;le corners. 
These intersection volumes lie parallel to the < 111) directions 
in the crystal and the/ - shaped features represent the locus of inter-
section of the surfaces of the oblique d . bands which is swept out as the 
bands widen . One interestin,.; feature of the oblioue intersections is that 
the d . bands penetrate each other freely ( 1) even thou .. O'h in unpressurised 
crystals such oblique systems strongly exclude each other . It is nell 
established that orthogonal d . bands can only penetrate each other easily 
so lon.; as they are either reasonably narr07l , or both of the same width 
(A.r[on and Orovlan 19b4 a) . Narrow bands are stopped by broad bands , as 
happens in Figures ( 3 .7a and b), but the obli0.ue ba.11.ds do not appear to 
affect each other. 
Dislocation interactions at oblioue intersections 
The interactions between oblique dodecahedral dislocations have 
been analysed by Kear et al . (1 959). 
Two reactions might OCCUl.' as follows :-
Of these the first is most likely because it involves a reduction 
in elastic energy . It produces disloc~tions in the (fi2) plane with 
Burgers vector <110/ , which can for~ arrays in a < 111) direction lying 
(1) Except one very narrow d. band in Figure (3.7c). 
on a {110} plane parallel to the compression axis of the crystal. Thus, 
arrays of {112} <110) dislocations could form in the oblique intersection 
volumes of Figure (3.7). 
The second reaction involves an increase in energy and is unlikely 
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to occur, but at the point of intersection of the tv/O dislocations a stable 
cusp will form and the two dislocations will sweep past each other to con-
tinue the formation of their d. bands (Kear et al. 1959). At the cusp a 
dipole will form, which in itself is a stable and hardening component of 
the structure of the intersection volume (Johnston and Gilman 1959). A:rrays 
of these cusps and dipoles will also form in the same orientation as the 
oblique intersection volumes. 
The present evidence suggests that both of the above processes occur 
frequently in the crystals, 
a) because the kin..'k:s involve movement of dislocations on {112} 
planes, 
b) because if oblique {110) ( 110) dislocations combine to form 
{112) ~1 0> dislocations , they cannot pr opagate further in the d . bands , 
therefore 
c) pairs of oblique dislocations which can pass each other must 
be available to proPaGate the d . bands beyond the intersection volumes . 
Since fresh dislocations appear only at the surfaces of the bands , 
the~profiles will be generated as the bands widen . When the oblique 
bands widen at the same rate, the locus of the points of intersection will 
be a diaeonal of the intersection volume , which the~features very nearly 
are in the d . bands representinG the first straining to 2%, but in subse-
quent stre.ininp, to 3%, very little widening of the oblique horizontal 
I rr 
d . bands occurred ( see Fiaures (3 . 7c and d» and no~ profiles therefore 
appeared in the second stages of the inclined bands in these photographs. 
The~profiles are revealed by their different etching character-
istics , which have the character of a distinct boundary, but there is no 
evidence to distinguish between the presence of sessile {112} <110) dislo-
cations , cusps and dipoles, or the interstitial ions which are produced 
when a cusp is forced into a jog by the passage of the dislocations (Kear 
et al e 1959) . 
The sequence of deformation on two pairs of oblique slip systems 
under pressure can therefore be described as follows :-
a) both pairs operate at the same rate and in equal numbers at 
the beginning of straining , 
b ) after 1% to 2% strain large numbers of intersection vol umes 
build up, lying in <111) directions in the crystal, 
c) these intersection volumes contain arrays of sessile disloca-
tions, dipoles and interstitial ions which form strong barriers to disloca-
tion movement, 
d) one pair of slip systems becomes less active and the crystal 
begins to deform mainly in one direction only, 
e) when sufficient numbers of intersection volumes are closely 
arrayed, parallel to the compression axis (i . e . as in cleaved crystals) , 
longitudinal kinking , involving {112} <110) slip systems, takes place . 
If the intersection volumes are large and irregularly spaced, as in 
polished crystals (Figure 3. 7), then kinking does not take place until 
very l arge deformations have been imposed . 
r ,. 
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Non- dodecahedral dislocations 
Fi~ure ( 3. 7b ) contains a narrow d . band having approximately a {311} 
orientation. Since it terminated at two dodecahedral d . bands we presume 
that it was not a grown- in band , which could become non- crystallographic , 
(Stokes and Li 1963 b) , but the method of generation of such a d. band is 
not known . 
Fib~re (3 . 7c) also contains a d . band oriented at 27 0 to the cOm- -
pression axis on this face . Assuminc the plane of the photoeraph is (001) , 
the d . band corresponds to a (121) or a (121) plane . The reactions which 
would pr oduce such d . bands are :-
a) ~ <11 0> (110) + ~~ <011) (011) ~ ~ <101) (121) 
b) }a <110> ( 110) + ~ <011) (01 1) ---'> ta « 01) (121) 
which does not involve either of the dodecahedral slip systems nearby ! 
Since (011) and (011) are parallel to the compression axis slip would not 
be expected on them , but the elastic constraints of oblioue slip systems 
and the presence of the jackets sometimes produce quite broad d . bands 
on the "unstressed" ( 110} planes, as shown in Figuxe (3 . 12) . 
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vi) Kinking i n < 001> crysta.ls 
Kinking along the longitudinal edges of the crystals occurred most 
fre quently in cleaved crystals deformed in strong jackets at high pressures, 
which introduced large amounts of closely spaced oblique slip . Kinking 
was not always confined to the edges of the crystal, and could occur within 
the body of the crystal, as shown in F~e (3.8a). I n the absence of 
appreciable amounts of oblique slip, the crystals deformed on only one pair 
of slip systems and developed distinct shear zones at large deformations , 
without kinking, as shown in Figure ( 3. 8b) . 
Kinking was thus associated with a lowered capacity for latent 
hardeninr~ which permitted deformation in the two l ateral directions 
simultaneously . The crystals always continued to deform more actively in 
one direction than in the other, however, and one pair of longitudinal 
faces always bulged outwards while the second pair remained fairly flat. 
Kinking always occurred by rotation of the edges towards the flat faces, 
and the boundaries were always quite sharp, as shown in Figures (3.~and 
(3.13). The appearance of the kinks on the bulged faces is shown in 
Figure (3.9a and c), where the kink had rotated downwards, and on the 
flat faces in Figure ( 3. 9b) , where the kink had rotated upwards towards 
the flat face . Slip traces in the kinked zones were finer and slightly 
' wavY ', indicating a combination of slip on {110} and {1123 planes 
(Taylor and Pratt 1958), and well defined traces of {1101 slip systems 
lying parallel to the compression axis (and therefore nominally unstressed) 
were also present (Fi gure (3.12». 
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F i gu re (J. 8) 
I igu 1(' (J . I} ) 
Effect of pre~surt-' 011 the deformed iOll or cleav d 
.. tgO crys tal in ru htle r Jacket s. 
(a) x 9 . (cry tal 100-2 ). 
x . (crytal100- JO) . 
D 10rmed 16~ at 8 kh. 
pres~ure . 
Deformed 2~ at 2 kb . 
pre::; ure . 
(Crystal 100- 20) . Longitudinal kink" in a cleaved 
M~O cry~tal deformed 710 at 8 kh. 1'1' "",..,lIre. 
(a) x / . Bulged Cace, kink,.., lotdtf,d ,H.,;ay flom Cace. 
x 7 . l' 1 a t r ac e , kinks rotat d towa Us race . 
(c) a-; (a) above, x 12. 
S9 
( a) Figure(J.8) (b) 
e. 
( c) 
The crystallography of kinking 
These kinks were very similar to the "irrational twins" found by 
Br i lliantovand Obreimov (1 937 ) in very short crystals, and to the 
"anticl astic1l kinks found by Stokes et al. (1961, 1962) in bent crystals . 
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Such kir~s have not previously been reported in long crystals in compression. 
The dislocation interactions ''1hich precede kinkirw; have been des -
cribed above (p . 53) (Kear et al . 1959, Keh et al . 1959) and the mechanisms 
of kinki ng are dis cussed by Stokes et al. (1961 , 1962) . A re- examination 
of the kinking mechanism will be made here hovlever , because kinking in the 
pressurised crystals differed in some important respects fr~n that described 
by Stokes et al . (1962) . 
Kinks form when arrays of like- siEn t 112} <110) dislocations move 
on parallel pl anes to cause rotation of the cryst"'l about a common <111) 
axis . Usually the {112} ( 110) dislocations are sessile because of their 
hibh Peierls force, but under high stresses they can move to form ki~~s , 
and sometimes combine with {1·1O} ( 110) dislocations to produce wavy elide 
(see Pigures (3 .1 2) and (3. 13) and Chapter 4) . In the simplest form of 
kinkinc; the slip direction in the active slip system is nornal to the axis 
of rotation and to the kink band boundary , both of which lie ori_~inally on 
rational crystallo;raphic planes, (Oro Ian 1942; Turner 1962)(1) . 
A standard projection of the crystal in the direction of the com-
pression axis , riven in Figure (3.1 0), shows that the crystallorraphic 
r equirements for kilU(ing are satisfied in the present case . Dislocations 
on the (112) planes have been formed by the reaction (a) on p . 53 
involvin~ the (101) and (011) planes . The (112) plane meets the (110) 
(1) These aspeots of k i nki ng are disoussed more fully in Chapter 4 . 
plane (which forms the kink band boundary), at right angles, along the 
« 111) line. All components of the kink are therefore normal , and rota-
tion of the (112) planes can take place about the ( 111) axis to form a 
kink. 
The corresponding changes in shape of the crystal are shown in 
Figure (3.11), where the rotation of the kink is shown to also involve a 
rotation of the kink band boundary to accommodate the misfit of the 
crystal across the boundary (Orowan 1942, Turner 1962 )(1). 
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Stokes et a1. (1961, 1962 ) have called these structures "anticlastic lt 
kinks in bent crystals, by analogy with the behaviour of elastically bent 
plates, in which a lateral contraction of the tensile face of the plate 
occurs during bending due to Poissons ' contractions (Timoshenko and Gere 
1961, p.231) . Stokes et al. proposed that the lateral elastic constraints 
in their bent crystals were relieved by rotation of the kinks towards the 
tensile face, but several features of the kinking 3nb ; eb do not fit this 
hypothesis, as follows :-
a) kinking did not develop in either the bent crystals of Stokes 
et al . or in the present crystals until some plastic deformation had 
occurred. Elastic strains would therefore be relieved before kinking 
developed. 
(1) Stokes et al. (1962) incorrectly ascribe the rotation of the kink 
band boundary into a non-crystallographic position as being due to 
the inability of the boundary to move to a position of minimum 
ener;y at low temperatures, whereas in fact, its non- crystalloiSraphic 
position shows that it has rotated towards a position of lower ener5Y' 
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b) Anticlastic curvature in a bent plate can occur only when 
Poissons ratio ( ~ ) is low - i . e. in the elastic condition, when ~ ~ 0.2. 
In the plastic state, Y rises to --' 0.5 and lateral constraints disappear. 
c) Kinking depended on the type of sli~ distribution, not on the 
amount of deformation. 
d) Rotation of the kinks in compression was away from the bulging 
face, whilst rotation in bent crystals was towards the bulging face, even 
though the same dislocation mechanisms were involved. 
Clearly, therefore, the sense of rotation in the kink was decided 
by crystallor':raphic factors as in (c) above, rather than on the state of 
macroscopic elastic stress. 
Kinking did not occur when the oblique slip systems were inactive 
(Fi r;ure (3.8b)) nor when oblique d. band intersections were widely spaced, 
as in polished crystals (Figure 3. 7), because kinking required coherent 
arrays of {1 12) (11 0) dislocations on (110) planes parallel to the com-
pression axis . These arrays formed stable barriers against which the 
mobile dislocations piled up, and since equal numbers of dislocations 
from each of the oblique systems would be absorbed to form {112) <1 10) 
dislocations, a lar~e excess of dislocations would exist in the most 
active d . bands, exerting a ~ force towards the bulbing faces of the 
crystal . 
Now the slip direction of these excess dislocations, ('101) in 
Figure (3.11)), and that of the kinking dislocations (nO) lie in the 
octahedral plane nOl'"ifl" I to the axis of rotation of the kink . By acting 
simul taneously, the two slip directions will exert a resultant Sh,H x"i uS 
force tending to rotate the crystal away from the bu16ing face, as shown 
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Figure (3 . 12) 
- - _ _ (110) 
~~~t-Ki nk Bond Boundary 
Crocks in Kink 
t i gu re (3. 1 4 ) 
in Figure (3.11), and the kinks will form on the flat faces of the crystal 
as in the present experiments, without the application of anticlastic forces. 
It is proposed therefore to call the kinks in compression specimens 
"kinks of oblique intersection", or "longitudinal kinks" to distinguish 
them from the "kinks of orthogonal intersection" seen in Figures (3.3) and 
(3.7) (described by krgon and Orowan 1961, 1964 a), and from the "buckling 
kinks" found in <1 11> - oriented crystals described in Chapter 4 (and by 
Orowan 1942). 
Cracking in the kinks 
The build-up of barriers to slip on {110} planes parallel to the 
compression axis caused the active {110} <110) dislocations to pile up 
against them and initiate cracks on l110} planes (Keh et ale 1959). 
Arrays of suqh cracks were found in the kinks, as shown in Fi,::,"Ure (3. 13) , 
but the cracks had the unusual appearance of lying on (111} planes. 
FifUre (3.13) shows the adjacent faces of a kink containing such cracks. 
The path of the cracks inside the crystal was followed by focussinc the 
microscope beneath the surface, when it was found that two cracks were 
actually involved in each case, each lyi~~ on an oblique [110} plane. 
The cracks extended from the kink band boundaxy out to only one face of 
the crystal, and met at the corner as shown in ~i ure (3.1 4) . Within the 
body of the crystal the cracks swung round into the plane of the kink band 
boundary, parallel to the compression axis, as shown in Figures (3.13) 
and (3.1 4). The importance of the octahedral component in the formation 
of the kinks is thus shown in its influence both on the sense of rotation 
and o~ the development of cracks in the kinks. 
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vii) Summary of experiments on <001> crystals 
The yield strength of <001) crystals did not appear to be affected 
by pressure but their behaviour during the plastic stage of deformation was 
greatly affected by the C0l1dition of their surfaces and by the strength of 
the jackets in which they were sealed . The dramatic strengthening effects 
produced by Stokes ru1d Li (1963 b) by heat treatffient and polishing were 
not found in pressurised crystals because fresh dislocations were always 
injected into the crystal faces by the sealin: jackets, but very l arge 
chan'es in rate of strainhardenine and in flow stress were produced by the 
simultaneous operation of oblioue {110} (11 0) slip systems . 
The effects of pressure on plastic flol1 behaviour therefore really 
arose from the influence of the sealing jackets, which varied in strength 
under pressure and therefore applied varying amounts of constraint to the 
crystal, And in turr influenced the amount of oblique dodecahedral slip 
vlhich occurred. At pressures above 5 kb the combination of oblique slip 
systems eliminated the l atent hardenin'" cap' ci ty of tLle crystals and 
produced kinkine alon the 101 Nitudinel ed"'es p'rallel to the co!pression 
axis . This involved 'lide on {11 ~ <110) slip systems . The explanation 
. 'iven by Stokes et a1. (1 962 ) re arj..in· the "anticlastic" nature of these 
kinks did not apply to the pr,essurised crystals , I1hich were found to rotate 
under t he influence 01. (110) <110) dislocations moving in the :nost active 
sli'P direction . These kinks are therefore called "kinks of oblique inter-
section" in preference to "anticlastic kinks" . 
CHAPTER 4. 
Deformation of Single Crystals in the (1 11) Direction. 
Crystals compressed in the ( 111) direction do not carry any 
resolved shear stress on the weak 8 10} ( 110) slip systems, and when 
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plastic deformation occurs other slip systems must, theoretically, be 
involved. Thus Hulse et al. (1963) found that slip occurred on the strong 
{1 00} <11 0> systems above 3500 0 in the ( 111 ) orientation without any 
dodecahedral systems being involved(1). In N~O the cube-plane slip systems 
are more than an order of magnitude stronger than the dodecahedral (see 
Figure 4.1), as is the case in LiF also (Figure 1.2), and in both cases 
the orientation is brittle at room temperature. By deforming these 
crystals under pressure it was hoped to obtain a better measure of the 
strength of the cube- plane slip systems, and to identify other mobile 
systems if present at room temperature. The tests were extended to more 
elevated temperatures when an unusual kinking mechanism was found at low 
temperatures, and the effects of pressure at elevated temperatures was 
also investigated when it appeared possible that the Peierls stress on 
the cube planes might be affected by pressure. 
Thirty crystals were prepared, measuring approximately 4 rom . x 4 rom. 
in crossection and 8 to 10 mm. long. Usually after polishing in ortho-
phosphoric acid only one pair of the longi tudinal faces was smooth, 
because neither the (110) faces nor the (111) faces gave a smooth polish 
(1) In explosively shocked crystals of ( 111) orientation the even 
stronger {111} . <110> slip systems were activated as well as 
{112} <110) s1ip systems (Klein and Edington, 1966). 
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(Bowen 1963). Both the compression faces and one pair of side faces 
therefore usually had a smooth matte finish. 
1. Room Temperature Experiments 
Because these crystals were known to be brittle below 3500 C at 
atmospheric pressure, the first deformation experiments were made at 5 kb 
confining pressure to ensure that the brittle-ductile transition in pressure 
had been exceeded. The first specimen, however, (111-5) was brittle under 
-2 
an applied stress of 26,200 kg.-cm. • On examination it was found to have 
kinked strongly at one end, the fracture being due to the puncturing of 
the latex sealing jacket. A second test also kinked at 5 kb but did not 
fracture because the latex jacket remained intact. All subsequent specimens 
were tested in the stronger rubber jackets, and allowances were made for the 
strength of the jacket where necessary. 
These two results were the first demonstration of the powerful effects 
of pressure on the ductility of MgO . The brittle-to-ductile transition in 
the (111) direction had been lowered by at least 3500 C by the application 
of hydrostatic pressure. 
Compression tests were next made at 2, 5 and 8 kb confining pressure. 
In all cases the specimens deformed by transverse kinking, which occurred 
very abruptly and was accompanied by a loud "click" from the apparatus, 
-2 
with a large drop in load amounting to as much as 8,000 kg .cm. , and a 
rapid extension of 4 or 5 per cent average strain, as shown in the stress-
strain curves of Figure (4.2). Despite the apparently ductile behaviour 
at 2 kb pressure, both specimens were partially fractured in the longitudinal 
direction when removed from the apparatus. The mechanical test results 
are summarised in Table ( 4.1). 
y 
7 0 
The yield strength of these crystals were slightly lower than the 
fracture strength of most of Hulse's crystals at room temperature, and 
the effect of confining pressure on strength was small. The results became 
more consistent with rising pressure, and no brittle failures uccurred at 
8 kb confining pressure. Specimens deformed beyond the first kink did so 
by a process of successive parallel kinking until the whole gauge length 
was filled, which occurred at about 1 to 8% average strain. Beyond this 
stage shearing fractures began to propagate parallel to those kink band 
boundaries which had been rotated to the highest angle, and the specimens 
were found to have shear fractures when depressurised (eg., specimens 
9 and 10, Figure (4.2). The kinking "yields" in this Figure are drawn 
as broken curves because no proper record of the stress-strain relations 
during kinking was obtainable from the apparatus. 
Discussion of Results at Room Temperature. 
Two features of interest emerge from the tests on the <111 ) -oriented 
crystals. First, ductile behaviour was obtained under moderate confining 
pressures at a similar order of stress to the brittle fracture strength 
obtained by Hulse et al. (1963 ) at atmospheric pressure. Secondly, the 
mode of plastic deformation under high pressures was quite different from 
o 
that at atmospheric pressure above 350 C. 
It is already well known that many brittle materials behave plastically 
under high confining pressures, but usually a rapid increase in strength 
occurs during the ductile-brittle transition in pressure (Bridgman 1952; 
Jaeger 1962, p.52). In the present case, the upper yield stress(1) of the 
(1) In Figure (4.2) the limit of the elastic behaviour of the specimens. 
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Table (4.1). 
Deformation of MgO Crystals 
with <111) Orientation, under Pressure. 
Specimen Confining YIELD STRESS Maximum Tota~ (1) 
-2 x 10-3 Number Pressure kg-cm Flow Stress Stra:m 
kb. UPPER LOWER kg-cm -2 x 10-3 % 
-
At.Press(2) 18-35 - - 0 
8 2 10·7 8.4 11.4 2.2 
9 2 18.1 13· 7 16.8 7 
y 
10 5 14.2 13·1 15.4 16 
1 (3) 5 12.8 9·9 9·9 5 
5(3) 5 26 .2 - - 0(4) 
4 8 22.0 14.8 14.8 10 
6 8 22·5 14.6 14.6 3 
7 8 22·9 12.6 12. 6 11 
Notes 1) All tests stopped before fracture. 
2) Data of Hulse et ale (1963). 
3) Latex jacket. 
4) Brittle, jacket punctured. 
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pressurised crystals was fre~uently lower than the fracture strength of 
Hulse's brittle crystals, and the flow stress was invariably lower. 
Questions of crystal hardness and test methods apart, t his suggests that 
Hulse et ale were, in fact, measuring the stress at which plasti9 yielding 
began; this was then immediately followed by fracture. Otherwise the 
strength of the ductile pressurised crystals would be expected to have 
been much higher than Hulse's unpressurised brittle ones. 
At atmospheric pressures plastic yielding occurred in a smooth and 
continuous manner above 35000, as shown in Figure (4. 3), with no evidence 
of discontinuous flow, followed by a rapid rate of work hardening during 
the early stages of deformation, (Hulse et ale 1963), and glide occurred 
on one or more of three e~ually stressed (100) (:1 10) slip systems. In 
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the pressurised specimens the stress-strain curves are completely different, 
usually a sudden large drop in loads occurs, followed by a low rate of work 
hardening. From the appearance of slip traces on the polished faces of 
the crystal, the glide systems involved were also different. 
An analysis of the slip traces and kinking system in these specimens 
will therefore be made in a following section, but first a short description 
of the geometry of kinking and of the occurrence of kinking in cube- oriented 
magnesium oxide crystals will be made so that meaningful comparisons with 
other work may be made. 
The Geometry of Kinking 
Kiru< bands form when glide lamellae of e~ual thickness rotate about 
parallel axes lying in a common plane which forms the kink band boundary 
(Orowan 1942). The band boundary usually becomes non_crystallographic 
but the glide planes and glide directions remain rational. When glide 
takes place on a single system, the band boundaries are originally planes 
s 
;y 
that are normal to the glide direction (Hess and Barrett 1949), but less 
symmetrical bands can form when multiple glide occurs. 
In kink bands the crystal of the lattice becomes progressively 
rotated with respect to the lattice of the undeformed crystal, in which 
constant orientation is maintained (Schmid and Boas 1950, p.57). The axis 
of rotation lies within the glide plane, and is normal to the glide 
direction, and the active glide planes tend to rotate towards the axis 
of minimum stress (Turner 1962). 
Conditions of equilibrium exist across the kink band boundary only 
when the crystal lattice on each side is equally inclined to it. The 
boundary must therefore rotate simultaneously, but away from the axis of 
minimum stress, and at half the rate. Frequently this does not happen, 
and large tensile stresses build up across the boundaries, causing cracking 
(Stokes et ale 1958; Argon and Orowan 1964 b). 
Three conditions of deformation have been observed to produce kinks 
in ionic crystals as follows:-
1) Lattice rotation arising from plastic buckling which occurs when 
edge dislocations of like sign and the same Burgers vector move 
together on parallel planes, as originally described in zinc 
and cadmium crystals by Orowan (1942). These have been found 
in CsI and in naphthaline (Klassen - Neklyudova et ale 1961). 
2) By reactions of families of dislocations of different Burgers 
vectors moving on non-orthogonal planes, as in NaCI (Stokes 
et ale 1962). These kinks form by rotation of {112} planes 
about a ( 111) axis. 
8 6 
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3) In magnesium oxide, at the intersection of orthogonal disloca-
tion bands of unequal width. Rotation of tbe intersection 
volume occurs independently by movement of {11O} (1 10) dis -
locations generated within the kink band . (Stokes et al . 1958; 
Argon and Orowan 1961, 1964 a) . 
In the present experiments the kink bands appeared to arise from 
abo;);- "" "'- c:y.:{C 'P~ p~cllcl.I(o. V 
simple plastic bendill,g ' l'1'S fit, , I J to the loading axis , and resembl ed in 
appearance the kink complexes xecorded in CsI by high speed photography 
(Klassen - Neklyudova et al . 1961) . 
Microexamination of Kinked Crystals 
i) Crystal (111 -1) deformed at 5 kb confining pressure . 
Deformation of the crystal was stopped as soon as the first yield 
drop occurred, but even in this short time an average plastic strain of 
2% had occurred, corresponding to approximately 14~ shortening in the 
kinked zone, since there was no appreciable deformation outside the kink 
band . 
Figure (4 . 4) shows views of the kinked zone on the polished (112) 
face and the matte (11 0) face . Evidently a broad , parallel- sided kink 
traversed the specimen first (kink A), followed by two major sets of 
wedge-shaped kinks in complementary positions above and below kink A. 
Plastic accommodation on the (11 0) faces occurred by flexural gliding , 
which was itself traversed by secondary kink bands . The (112) face 
(Figure 4. 4b) shows clearly how the kiru<s rotated alternately back and 
forward to tilt the surface into two sets of reflecting and non- reflecting 
surfaces. The major displacement of material was sideways, producing a 
broad ridge on each of the (11 0) faces . This proposed sequence of events 
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is based on the formation of similar kinks in Csl and naphthalene observed 
with high speed cameras by Klassen-Neklyudova et ale (1961). Structures 
almost identical with Figure (4.4) were formed in this sequence in Klassen-
Neklyudova's crystals. 
The combination of transverse kinking with accommodation by flexural 
gliding is also very similar to kinking in zinc (Orowan 1942), but it does 
not resemble the kinks formed by intersecting conjugate dodecahedral glide 
in cube-oriented crystals (Argon and Orowan 1964 a). An estimate of 
residual stresses in the principal kink of this crystal is made in a later 
section. 
ii) Crystal (111 - 6) deformed 5% at 8 kb pressure. 
a) Examination of slip traces 
This specimen was proportionately longer than most of the other 
011) crystals (ie. 12.75 mm. long instead of 8 or 10 mm.) and probably 
for this reason contained several sets of well-developed slip traces in 
the unkinked parts of the crystal, which probably arose from increased 
elastic and plastic bending. A slightly shorter steel cylinder was placed 
around the specimen to limit the deformation to 3%. Consequently, the 
kinked zone was simpler in structure than that in (111 -1), and although 
several parallel kinks formed in the band, the orientation of the band 
boundary next to the unkinked crystal could be measured. Several small 
kinks also formed at the edges of the crystal near the main kink zone, 
as shown in Figure (4.5a). 
Figure (4.5 ) shows the slip traces on the polished (112) face. 
Near the kink band three sets of slip traces formed with a vertical set 
representing the active glide system both in the main kink and in the small 
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kinks which formed at the edges of the specimen (Figure 4.5a). Below the 
kink, in the centre of the face, three strongly developed sets of slip 
traces occurred, which lay inclined at approximately 60
0 
to each other. 
(Figure 4.5b), and two further sets of fine traces lay horizontally and 
vertically on the face. 
b) Identification of slip traces 
With four or five well developed slip traces on one face it was 
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possible to identify the slip planes which they represented. The orienta-
tions of the (112) and (11 0) faces of the crystal were checked by the back-
reflection Laue X-ray method using unfiltered Tungsten radiation and a 3cm 
film-to-specimen distance. Figure (4. 6) shows the back-reflection Laue 
pattern of the (112) face with the compression axis vertical. The Greninger 
method was used to transfer the date to a stereographic projection of the 
face (Barrett 1952, p.188) and the poles of the {100) and {110) planes 
marked in. By superimposing a second projection of the slip trace normals 
the orientation of the slip traces could be identified. 
In all cases the slip traces were identified as traces of 010)planes, 
proving that the principal (if not the only) slip systems which had operated 
in the body of the crystal were dodecahedral, and not cube-plane slip as 
found above 3500 C (Hulse et ale (1963)). The five sets of slip traces 
shown in Figure ( 4.5) corresponded to two pairs of orthogonal V10} 010) 
slip systems and one of the third {no) <110) pair. Since the kinks in 
Figure ( 4.5a) are clearly based on the vertical slip traces, we conclude 
that a change in the deformation mechanism has occurred, involving slip 
on the (theoretically) unstressed D10} planes, in preference to slip on 
the more favourably oriented {1 00} planes. 
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c) Orientation of the kink bands 
Within the major kink bands at the end of the specimen a progressive 
shift (rotation) of the band boundaries had occurred. Boundaries within 
the kinked region lay approximately parallel with the slip traces lying 
SE-NW in Figure (4.5) and progressive rotation away from this plane had 
occurred to a maximum of 8 degrees at the edge of the band. It can there-
fore be assumed that the original kink boundary started normal to the active 
slip system (slip trace 2 in this case), and rotated towards the active 
slip plane outside the kink in conformity with the geometry of kinking 
(Argon and Or ow an 1964 a; Turner, 1962). 
Plotting the spread of boundaries on the stereographic projection of 
the (112) face showed how the band boundary was orthogonal with the 
vertical slip traces, and the rotation axis (a cube direction) lay normal 
to the glide direction and within the active glide plane, thus satisfying 
the crystallo aphic rules of kinking (Turner 1962) . 
The identification of slip traces on the (110) face was not possible 
because of the poor polish, but the kink band boundary was clear enough 
to plot on a standard stereographic projection. The crystallographic 
orientation of the (110) face was determined as described above and the 
traces of both faces plotted on a standard projection as shown in 
Figure (4.7). By marking the angle which the kink made with the vertical 
axis (ie. the ( 111) direction) on each face, a great circle running 
through these points defined the plane of the kink band boundary. This 
lies rotated 100 from a {110} plane. 
le 
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Figure (4.6) Laue back-reflec t i 011 photograph of the 
(112) face of r} tal (111-b) . 
K.nk Band Boundo'y 
(ii2 
100 
Figure (4.?) Standard proj ctioll ot' til f"cps of cry~tal 
(111- b) , howing the rot Ition or the kink 
band boundary 1 o away f'rom th (110) plane. 
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d) Rotations of the kink band boundary 
When a kink band forms, packets of crystal rotate within the kink by 
shear which begins normal to the kink band boundary (Orowan 1942; Barrett 
1952, p.375). If the band boundary remains fixed, serious mismatch between 
the parent crystal and the kink will occur, causing large elastic strains 
to build up along the boundary. The boundary therefore tends to rotate 
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away from a position normal to the active slip direction in order to main- ~s 
tain equilibrium, and the position of lowest energy occurs when the kink band 
boundary exactly bisects the angle between the slip systems in the undeformed 
crystal and the kink. 
For glide and single dodecahedral system in 1~0 the maximum shear 
strain in a slip band (dislocation band, Argon and Or ow an 1964 a) is 
5 degrees. The rotation of the band boundary should therefore be only ty 
2t degrees, as found by Argon and Orowan (1964 a) in orthogonal intersection h 
kinks. The rotation of 100 measured in Figure (4.7) must therefore repre-
sent either a very large mismatch between the kink and the crystal, the 
operation of complementary slip in the unkinked crystal, the operation of 
supplementary slip systems within the kiruc band, or a combination of these. 
A stress-birefringence analysis given in a following section revealed very 
large residual stresses in the kink lamellae. 
iii) Crystal (111 -5) 
Small rotations of the band boundary of the order calculated above 
were found in this specimen. Fracture occurred at the kinked end of the 
specimen due to puncturing of the jacket, and the kiruc structure was 
simpler than usual probably because full development of multiple kinking 
was forestalled by the fracture. Three parallel-sided kink bands formed 
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contiguously in a transverse direction across the specimen. The rotations 
of the crystal within the bands was measured by cutting a thin section 
normal to the trace on the (110) face of the crystal (eg. as in Figure (4.4a)) 
and measuring the orientations of the kinks by observing the birefringence 
lamellae in transmission on a universal stage microscope . 
The angles made between the kink band boundaries and the lamellae 
were as follows :-
Structure 
Crystal 
K. B. (2 ) 1 
K.B . 2 
K. B. 3 
Angle between (1) 
normal t o K. B. B. 
and slip lamel lae, 
degrees 
4 
9 
13 R 
4 L 
4 
15 R 
12 
------------------------------------
Crystal 4 L 
Notes : 1 ) Kink band boundary. 
2) Kink band . 
3) L = left- handed rotation . 
R = right- handed rotation . 
Kink Band 
Boundary 
1 
2 
3 
4 
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Points of interest in these structures are:-
1. A small amount of slip in the parent crystal had occurred on 
the active kinking plane. This would contribute to the rotation of the 
two outer kink band boundaries (numbers 1 and 4) and explains why the 
rotation of these boundaries with respect to the crystal, was 40 instead 
of the 2io estimated for single glide(1) . 
2. The central band, K.B.2. also contained rotations of only 40 
in the same sense as the parent crystal, but not exactly parallel to it 
because the kink band boundaries 2 and 3 were not exactly parallel to 
K.B.1 and K.B.2(2). 
3. Kink bands 1 and 3 contained large rotations. The birefringence 
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patterns were more complex than would be produced by a single glide system. 
Conjugate slip is therefore assumed in these bands, which would also 
explain the lack of symmetry across the boundaries. 
Fine Structures in the Kinks 
(i) Simple and complex kinks; flexural gliding 
A thin section of the kink shown in Figure (4.4) was cut normal to 
the boundary on the (110) face. This placed the kink band boundary and 
the axis of rotation normal to the plane of the section. The section was 
(1) The maximum rotation of a kink band boundary occurs when the crystal 
is kinking in opposite senses on each side of the boundary, giving 
50 rotation of the boundary for single glide on both sides. 
(2) This central kink had almost the same orientation with respect to 
kinks 1 and 3, as the parent crystal, and might be called a kink 
joint, after Argon and Orowan, (1964 a). 
;y 
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glued to a glass plate and carefully thinned to approximately 200 microns 
by polishing each side in turn with fine carborundum grits, finishing with e 
fine y alumina paste. The damage injected into the section by this treat- se 
ment tended to reduce the birefringence effects in the glide lamellae, but f 
at this order of thickness the birefringence effects appeared to be little 
affected. 
Examination was made in a polarising microscope which revealed 
residual elastic strains such as those caused by arrays of edge disloca-
tions in slip bands (Nye 1949 a,b; Stowell 1962). Three types of bire-
fringence strain pattern were found, corresponding to the three types of 
deformation seen in reflected light in Figure (4. 4) . These are shown in 
Figure (4.8). 
us 
(ii) Kink with a single glide system ,ity 
In the broad central band, which appeared to be the first kink to 
form unimpeded, the active glide planes were clearly visible as parallel 
zones where abrupt changes of intensity occurred, as seen in Figure (4.8a). 
These represent changes in sign of the stress across the boundaries of 
lamellae which contain excess like-sign edge dislocations. 
(iii) Kinks with two glide systems 
The wedge-shaped kinks of Figure (4.4) contained more complex de-
ch 
formation, with at least two glide systems active, as shown in Figure (4.8b). ~-
Direct identification of the glide systems involved was not possible, but 
the birefringence pattern suggests the operation of a pair of conjugate 
{110} ~ 10) systems, similar to those operating in the necked regions of 
cube-oriented crystals strained in tension at 16000 c (Day and Stokes 1964). ~e 
n 
(iv) Flexural glide 
In the flexural glide regions simple bending had occurred in glide 
packets of fairly regular thickness, as shown by Figure (4.8c). In these 
bent regions there existed a plane of misfit between the tensile face of 
the outer surface of one packet and the compressed inner face of the 
adjoining packet. The total length of misfit per unit length of slip 
plane is i, where d is the thickness of the glide packet and r the radius 
r 
of curvature (Cottrell 1953, p.29). The number of dislocations of like 
sign required to accommodate the misfit is therefore r~ where b is the 
Burgers vector of the dislocation. 
-2 In the present case, from Figure (4.8c), r = 6.5 x 10 cm., 
-8 2 x 10 cm' r and the number of like-sign edge 
dislocations lying in the boundary is 3 x 105 per cm. The average density 
of dislocations in the bent region is therefore 108 lines per cm. 2 , which 
corresponds to the fully hardened condition for single glide (Argon and 
Or ow an 1964 a), and is two orders higher in density than the crystals 
might achieve if plastic bending had preceded kinking (see page 93). 
Further deformation in the flexural glide regions is therefore only 
possible on a second glide system. 
(v) Residual stresses in the kink 
The stress across a glide plane containing a distribution of like-
sign dislocations changes abruptly from tension to compression as the 
plane is traversed (Nye 1949 b). In transparent crystals the residual 
stresses produce changes in the character of a doubly refracted plane-
polarised beam transmitted by the crystal, which reinforce or reduce the 
intensity of the image. This causes the birefringence effects found in 
the magnesium oxide crystals shown in Figure (4.8). (In a position of 
8 6 
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maximum transmission the change of sign of the strain pattern may also be 
observed by the change in colour from blue to yelloTI when a sensitive-
tint plate is inserted between the objective and the analyser). 
The retardations of the polarised beam may be restored by the use 
of a Berek compensator, which restores the dark extinction bands to 
uniform brightness by rotation of a calcite plate cut normal to the optic 
axis. Measurements of the retardation on each side of five birefringence 
lamellae were made by this method. A mean rotation of 3.8 degrees, with 
+ a scatter of -0.3 degrees, was required to compensate for the birefringence 
effects. 
The optical retardation ~ , in m~, is related to the compensator 
rotation i by the expression log ~ log C + log f(i) where C is the 
compensator constant. Thus, 
and 
The specific retardation ~ n 
log C 
log f(i) 
log b. 
3·969 
7.643 
11. 612 
6. = 40.9 
d 200 x 103 
whence £::,. = 40 . 9 m~ 
where d is the thickness of the section. - 4 i. e. b. n = 2.05 x 10 • 
The plane of the section lies parallel to (001) (see Figure (4.7)) 
and the coordinates of the system may be arranged so that the x axis lies 
in the plane of the section, Figure (4.8a), parallel to the active slip 
direction in the lamellae, the Y axis lies in the plane of the section 
perpendicular to the slip direction in the lamellae (ie. both x and y axes 
are ( 110) directions) and the z axis is perpendicular to the section, 
parallel to the ( 001 ) direction, which is the axis of rotation of the 
kink. 
88 
11 
' I 
I 
'. 
L1 
In this situation the normal stress across the boundary, a is yy 
assumed zero. The normal stress a
zz 
perpendicular to the section is 
not zero but will be considerably relaxed by the presence of the free 
surfaces of the section, and the remaining principal stresses a
xx 
may 
therefore be assumed equal and of opposite sign on each side of the 
boundaries of the lamellae. Assuming plane strain, and the other two 
principal stresses zero, the photoelastic effect may be expressed in 
terms of the residual stress as 
a
xx 
• '1t44 (Christie 1965) 
where a is the residual normal stress parallel to the active <110) 
xx 
glide direction, ? = 1.736 is the refractive index of the unstrained 
-13 2 
crystal and '1t44 = 0.62 x 10 cm per dyne is the appropriate photo-
elastic effect (West and Rillkas, 1948). The average residual stress in 
the kink lamellae is therefore 9 -2 a = 1.26 x 10 dynes cm ,a value 
xx 
similar to that found in orthogonal intersection kinks by Argon and 
Orowan (1964~). 
stressing of Glide Systems on i110? and [1001 Planes 
(i) Deformation modes and fracture 
Comparison of Figures (4.2) and (4.3) illustrate the basic differ-
ences in ductile behaviour between pressurised specimens deformed at room 
temperature, and unpressurised specimens deformed at 3500 C or above. The 
violent yielding behaviour under pressure arises from kinking on plastically 
unstable {1 10} <110) glide systems at very high axial loads, while the 
smooth transition from elastic to plastic deformation at elevated tempera-
ture apparently results from the activation of {100} <110) systems well 
oriented for glide. An analysis of the stress systems which could cause 
89 
the kinking is therefore necessary to determine how far the experimental 
observations are compatible with the stressing of the alternative glide 
systems in compression. 
The dodecahedral glide systems in <1 11) -oriented crystals are 
I s po.~Q (loJ 1&, 
nominally unstressed because either the slip plane~ or the slip direction 
'P1iM ~VLd tc.v (0 v 
is flOPfflAJjto , the direction of the applied stress, and no resolved shear 
stress applies. On the other hand, three of the six {1 00) (110) systems 
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are favourably oriented for glide , with a resolved shear stress 0.472 times 
the applied stress. At room temperature, however, the cube-plane glide 
systems are at least twenty to forty times stronger than the dodecahedral 
systems (Figure 4.1), but strength diminishes rapidly with rise in 
temperature because of the high temperature-dependence of the yield stress 
of cube-plane dislocations (Huntington et al. 1955). It would appear 
reasonable to suppose that the brittle behaviour of Hulse's crystals below 
3500C was due to early initiation of cracks by plastic flow and their 
rapid propagation under the high applied stresses. The process of kinking, 
on the other hand, is a prolific source of cracks at atmospheric pressure 
in marnesium oxide. Cracks may arise from groups of dislocations piled-up 
against the barriers of the kiruc band boundaries (Stokes et al. 1958, 1959), 
or from the tensile stresses induced by non-equilibrium strains near glide-
band intersection kinks (Argon and Orowan 1964 b). It is therefore prob-
able that the onset of brittle fracture below 3500C (at atmospheric 
pressure) coincided with a change in mode of deformation from glide on 
{1 00} planes to glide on {110} , but the manner in which shearing forces 
could be thrown onto the nominally unstressed {1 10~ (110) slip systems 
remains to be determined. 
(ii) Sources of misorientation 
The most obvious source of loading on these D 10} planes would arise 
from small misorientations of the crystal, but other possible sources are 
apparatus misalignment, the presence of subgrains of slightly different 
alignment, differenti al strains around precipitate particles, and elastic 
or plastic buckling; various aspects of these alternatives are discussed 
below . 
Neither apparatus misalignments nor subgrain misorientations can be 
checked in a quantitative manner, but from evidence on the weak cube-
oriented crystals (Chapter 3) no gross bending of crystals of these 
dimensions would have occurred due to apparatus effects. Bending could 
be caused, however, if the ends of the specimens were not ground square to 
the compression axis and parallel to each other. The misorientations 
across sub-grain boundaries was also not likely to exceed a few minutes 
of arc, and slip traces were not observed to be i mpeded or deflected by 
them. A succession of polygonised arrays of the same sign could, however, 
contribute towards a sufficient local misorientation(1). 
Precipitate particles in themselves are common sources of disloca-
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tions in MgO, and Stokes (1962) has shown that the size of the precipitates 
affects the yield strength profoundly. Venables (1961) found precipitate 
particles 0.1 to 0.3 microns diameter in Norton MgO crystals, and 
Henderson (1964) found particles up to 1 micron diameter in Spicer ~~O 
silnilar to the present material. Precipita tes are frequently associated 
with large elastic strains in the surrounding crystal which arise from 
(1) Calculations of the critical resolved shear stress su~gest a total 
misorientation of about 20 would be required - see p 95 • 
differential thermal contractions; the application of a hydrostatic 
pressure could increase or decrease the magnitude of these strains, 
depending on their sign. At atmospheric pressure particles of 0.3 micron 
diameter or larger could act as dislocation sources, but the dislocations 
would not glide very far unless a sufficient resolved shear stress were 
acting on the plane. Some physical misorientation of the crystal is there-
fore still necessary. 
It is well known that the restraints imposed on the ends of a com-
pression specimen can cause plastic bending , either when glide occurs at 
an angle to the compression axis, or when uneven glide occurs in different 
parts of the specimen (Friedel 1964 p.235); Washburn and Parker (1952) and 
Gilman (1954) found that bending in zinc crystals led to strong kinking. 
There is clearly a strong possibility that elastic or plastic bending 
could cause misorientations which, together with the small misalignments 
discussed above, could throw a significant resolved shear stress on some 
of the dodecahedral glide systems. 
Elastic buckling is unlikely because the specimen is too short. 
Elastic strains of approxin~tely 1% exist at the yield stress at room 
temperature (1), which might cause buckling. The specimen when axially 
compressed is equivalent to a strut constrained at both ends. Buckling 
will occur if 
(Love 1927 p.405), where 1 is the length of 
the specimen, R is the axial load, and B is the flexural rigidity. 
Putting 1 = 1 cm., and R = 2.75 x 109 dynes, then l2R = 2.75 x 109 and 
4'lt2B = 4'lt2 x 2.5 x 1010 , which is much larger. 
ie. the ratio yield stress Young's Modulus = 
2.2 x 1010 dynes per cm. 2 
2.5 x 1012 dynes per cm. 2 
0.01 
f~ 
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Bending due to the development of plastic micros trains is , however , 
quite poss ibl e . When an arr ay of like- sign edge dislocations exists on a 
gl ide pl ane , uniform bending of the crystal occurs , and the minimum density 
of dislocations of Burgers vec tor b required to cause bending R is 
,P d = bR (Cottr ell 1953 p . 29) , where d is the distance 
between glide planes . Since the active kinking planes were parallel to 
the compression axis , bending of these planes was the most effective method 
of bending the specimen and of increasing the resolved shear stress to 
promote kinking . 
The misorientation of the glide plane e varies with curvature R, 
I 
where R and I is the length of the specimen. Hence , the 2 sin e 
number of dislocations required to produce small angular rotations of 
the specimen axis may be calculated . r,:; - 8 Taking b = 4. 2 v 2 x 10 cm . in the 
<110) direction , I = 1 cm . and d = 10- 3cm . (see page 86) , the following 
values for ,P were obtained :-
Dislocation Densities in Plastically Bent Crystals 
Misorientation p n 2 o degrees lines per cm . lines per cm . 
1 9 x 102 9 x 105 
2 1. 2 x 103 1. 2 x 106 
3 1. 8 x 103 1. 8 x 10
6 
These densities are quite low , and show that only a few dislocation 
sources are required to operate to cause local bending . 
(iii) Resolved Shear Stresses in ~lisoriented <111) Crystals 
It now remains to be seen whether such small misorientations will 
provide resolved shear stresses of sufficient magnitude to activate 
dodecahedral slip, and to compare the relative activities of the {)Ooj 
and D10} slip systems under these conditions. 
Calculations were made of the resolved shear stresses on the most 
highly stressed {100") (110) and {110} <110) glide systems of crystals 
containing 20, 30 and 50 of misorientation . 
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The resolved component J- of the applied stress operating on a glide 
system depends on the angles which the direction of the applied stress 
.... 0.,. tV\Q I ro the. 
0a makes with the~glide plane y6 , and the glide direction A. Thus , 
r = (j cos ¢ cos A.. ( 'Be.. -r-'te tt , 1952. 1>.345 ). 
a 
o A glide system is therefore unstressed if either angle equals 90 • 
In Figure (4. 1) the yield stress- temperature curve for <111) 
oriented crystals may be taken as a measure of the strength of the 
{100) (110) glide system, (although operation of this system has been 
demonstrated only above 3500C ~. The variation of resolved shear stress 
in the crystals is a function of variations of cos ¢ cos ~ with misorienta-
tion angle e. Values of cos ¢ cos ~ at small e are listed below, and it 
will be seen that the resolved shear stress on the most favourably oriented 
{110} (110) system will increase rapidly with small increases of misorien-
tation, whilst the resolved shear stress on the most favourably oriented 
{100} (110) systems will only slowly change. 
u.. 
, 
Misorientation, Cos ¢ Cos A. 
e degrees {11O) ( 110) {100} <110) 
0 0 0.472 
2 0.029 0. 4-82-
3 0.044 0. 487 
5 0.0175 0· 4'13 
The applied stress required to operate each system is found by 
dividing the critical resolved shear stress by the appropriate value of 
cos ¢ cos~ . Figure (4.9) plots values of applied stress for 2, 3 and 
5 degrees misorientation against temperature, for the (110} <110) glide 
system. The following important points may be derived from these curve~. 
1) At 20 misorientation and room temperature, the applied stress 
required to operate [110} <110) glide is only one quarter that estimated 
to produce {100} <110) glide by Hulse et ale (1963). 
2) The experimentally determined yield stress of pressurised 
crystals at room temperature lies near the 20 misorientation curve. 
3) At 20 misorientation the {100) <110) glide systems should appear 
weaker than the {100} <110) systems above 3000 or 3500 C. 
The figure of 20 misorientation obtained from these calculations 
represents the gross misalignment, due to apparatus misalignments and 
instabilities and to structural faults within the crystal, required to 
throw critical shear stresses on to the {110} <110) slip systems. Here 
we are assuming that the disloca tion sources which first operate are the 
£110} <110) sources, but it may be possible under the high loads applied 
that the first microstrains are developed on other systems initially, until 
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the (110) planes are rotated locally to become stressed for glide. It 
may be possible also that ( 112} ( 110) dislocatioas may be activated, since 
they appear to have a lower yield stress than cube-plane dislocations, 
but we have no evidence for the generation of the {11 ~ dislocations without 
the prior reaction of oblique 0 10} <110) dislocations, except under con-
ditions of shock loading (Klein and Edington 1966), so that the model of a 
bent or misoriented crystal appears the only plausible one at present . 
In the next Section we shall therefore examine the model further by 
comparing the strength of deliberately misoriented crystals with the values 
calculated in Figure (4.9) . 
Deformation of Misoriented <111 ) Crystals 
The predictions concerning the effects of misorientation on yield 
stress summarised in Figure (4.9) were compared with experiments on 
crystals of known misorientation. Misoriented crystals were prepared from 
crystal block of true ( 111 ) orientation by first sawing the faces 
parallel to the (111) and (112) planes. The crystals were then rotated 
about the < 112 > axis by the desired amount and the second pair of 
longitudinal faces perpendicular to the (112) faces sawn. This ensured 
that shear stress was thrown on the kinking planes (rotation about the 
( 110 ) axis would not throw stress on these planes), and fortunately the 
(112) faces, which were the only faces which polished well and on which 
9 7 
most of the details of the kinking could be observed, were preserved. The 
second pair of longitudinal faces was rotated away from (110) and the 
original < 111 ) axis was also rotated by the same amount in the (112) plane. 
The compression faces of the crystals were finally ground square with the 
longitudinal axis and the crystals polished in hot orthophosphoric acid as 
before . 
Crystals were misoriented up to 100 from the <111 ) axis, and were 
strained at 5 kb pressure in rubber jackets with the results given in 
Table (4.2). As was expected, the crystals became successively weaker 
98 
with increasing misorientation, but kinking persisted as the major deforma-
o tion mode up to 5 misorientation, as shown by the stress - strain curves of 
Figure (4.10). At 100 rotation considerable plastic bending occurred at a 
very low applied stress (3,500 kg .cm.-2), followed by the formation of a 
broad wedge of complex deformation bands which involved transverse 
[110} (110 ) slip systems in addition to the longi tudinal systems. The change o( 
shape of these crystals with increasing misorientation is shown in FigUre (4.11) 
With the least misalignment (00 ) the crystal squatted symmetrically by com-
plementary kinking, but successively l arger misorientations caused larger 
sideways translations of the crystals with broader kink bands formed in 
simpler sequences. 
The yield strengths of the crystals are plotted against angle of 
misorientation in Figure (4.12), and compared with the calculated fall in 
strength (from Figure 4.9) . The experimental curve appears to follow the 
calculated curve well on these coordinates, though at a lower level, 
although in fact the two curves would tend to converge at 100 misorienta-
tion if plotted on a linear stress ordinate . It is perhaps over-optimistic 
to base the calculated curve in Figure (4.12) on the strength of 70,000 
kg .cm-2 estimated by Hulse et ale (1 963) , when in fact their crystals had 
-2 
an average strength of only 24, 000 kg .cm as in the present crystals. 
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Table (4.2). 
Effects of misorientation on the strength of crystals deformed 
i n the <111> direction. All tests made at 5 kb pressure in 
rubber jackets . 
Specimen Misorientation Yield Stress Deformation (3) U~per (1) I Lower(2) number of 111 axis 
in degrees - 2 3 % kg.cm x 10-
111-11 0 23· 85 14·7 4. 8 
-1 2 0 25 ·15 18.8 2·3 
-13 2 11.2 9·3 2 . 4 
J 
-1 2 8 . 8(10.1 )4) 7·9 1.4 
-15 2 8 ·7 5 7·4 2 . 2 
-1 6 3 8 . 26 7·3 1.2 
-1 7 5 7 ·1 9 6 . 8 2 .1 
-1 8 6 5· 5 5· 2 1.4 
-1 9 10 6 . 0(3 . 52 ) 5) 4 ·7 4·7 
Notes : 1) Usually the stress at which kinki ng occurred . 
2) Usually the stress at which kinking stopped . 
3) Average strain; the strain in the kinked region was 
usually greater than 1q%. 
4) A second strong ' yield ' occurred . 
5) Bending of the crystal occurred before kinking. 
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Effects of Heat Treatment on <111 > Crystals. 
In ( 111 ) - oriented crystals deformed at room temperature we are 
dealing with the simple dodecahedral slip systems in a special configura-
tion and the results of earlier investigations on cube-oriented MgO crystals 
are therefore directly applicable to these <111 ) crystals. The strength 
of 1~O crystals depends critically on the ~vailability of mobile dislocations 
and on the strength of the dislocation sOurces. Stokes aug Li (1963b,1964) 
have clearly demonstrated this by eliminating the mobile surface dislocations 
by polishing, and immobilising. the internal dislocations in varying degrees 
by precipitation and annealing heat treatments. 
When all precipitate particles are dissolved and most of the disloca-
tions annealed out by heating at 20000 C followed by fast cooling, cube-
oriented crystals become enormously strong (ie. to 1/8 of the theoretical 
shear strength), but when mobile dislocations are introduced by damaging 
the surfaces of these crystals, the strength falls immediately to 1/10th or 
1/20th of this value. Intermediate strength may be restored by re-
precipitating the impurities at less elevated temperatures (Stokes 1965). 
Mechanical strength is therefore critically dependent on the amount of 
impurity present, the thermal history of the crystal, and the condition 
of its surface. 
In the high-pressure apparatus the experimental conditions cannot be 
controlled as completely as in Stokes ' unconfined experiments. It is 
impossible, for instance, to avoid introducing sli~ht damage on the polished 
surfaces of the crystals by contact with the rubber sealing jackets, and 
the very high strengths obtained by Stokes and Li (1963b)would therefore 
not be expected under the present experimental conditions. Other effects 
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based on the size and distribution of precipitate particles might, however, 
be found. 
Experimental Procedure 
Six crystals were sawn from a single block of crystal supplied by 
Norton Inc., and ground and polished as before. The crystals were then 
treated as follows :-
a) heated for 2 hours at 1350oC(1), followed by quenching in still 
air, 
o three crystals were reheated to 800 C for 3 hours, followed by 
air cooling. 
All crystals were finally repolished for 5 minutes in hot ortho-
phosphoric acid and then deformed at 5 kb pressure in rubber sealing jackets. 
Results and discussion. 
The results of the mechanical tests are summarised in Table (4.3), 
from which it is evident that the strength of the crystals was strongly 
affected by heat treatment. 
o Crystals air quenched from 1350 C were much 
weaker than the unheat-treated crystals previously deformed (Table 4.1), 
with an average yield (or kinking ) stress of only 13,300 kg .cm-2 , compared 
-2 with an average of 21,700 kg .cm in the aged condition, which rese~bled the 
strength in the ' as-received' condition, (Table 4.1). The general level 
of flow stress after the first yield, however, was similar in both sets of 
-2 
crystals, ie. between 14,000 and 1~OOOkg .cm • This is similar to the 
general level of the flow stress in ' as -received ' crystals. (Tables (4.1) 
and ( 4.2» . 
(1) The specimens were heated up with the furnace to avoid thermal shock 
cracking. 
I 
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The mode of deformation by kinking was also unchanged and only the 
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stress required to initiate the first kink was therefore affected by heat-
treatment. The stress strain curves of the quenched crystals did not con-
tain any large drop in stress at the yield, and resembled curve 10 at 5 kb 
pressure in Figure (4.2) while the 'aged' crystals did have a large drop in 
stress at the yield point and resembled curve 4, at 8 kb in Figure (4.2). 
These results can be explained along the lines of Stokes' theories 
of the influence of thermal history on strength described earlier, namely:-
1) crystals quenched from a high temperature and with flawless 
surfaces should have near theoretical strength 
2) the same crystals into which fresh dislocations have been introduced 
by damaging the surfaces should be very weak. This corresponds to set (a) 
in Table (4.3), where the crystal has been softened by "evaporation" of the 
precipitate particles at high temperature and fresh dislocations have been 
introduced by contact with the sealing jackets 
3) aged crystals are strengthened by two processes - a) pinning of 
the existing dislocations by precipitate particles (ie. Cottrell locking) 
and b) an increase in the l attice function stress which resists the glide 
of fresh dislocations, due to the presence of the precipitate particles. 
The present experimental results are more consistent than those on 
'as-received' crystals in Table (4.1) because they were cut from the same 
crystal block and had exactly the same heat treatments. The differences 
between the two sets of results in Table (4.3) reflects the extremes of 
behaviour found in Table (4.1), and helps to explain the scatter of these 
results on structural grounds rather than in terms of variations in 
orientation about the ( 111 ) axis. Nevertheless , it is clear that since no 
cube-plane slip systems were activated in the heat treated crystals, some 
i 
limi ting condition for instability on the unstressed {11 0} (11 0) slip 
systems is reached when the strongest crystals are stressed to about 
-2 25,000 kg .cm • 
Table (4.3). 
Effects of Heat Treatment on Strength of Crystals 
Deformed in the (111) Direction 
(5 kb confining pressure, rubber sealing jackets) 
Heat Treatment Specimen Yield Stress Deformation 
-2 -3 Number kg.cm x 10 
(Crystal NR3) Upper Lower % 
a) 2 hr 13500 e 2a 14.0 13·3 5 
air quench. 2b 9 · 8 8. 2 5 
2f 16.1 14.0 8 
b) ditto. 2c 20.6 15·0 2·7 
aged 3 h. 
8000 e 2d 21.6 15·0 3· 6 
air quench . 2g 23. 0 14.8 4.6 
1 
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Summary and Discussion of Room Temperature Experiments on ( 111 ) Crystals . 
The behaviour of these crystals when deformed at room temperatures 
may be summarised as follows :-
1. Unpressurised crystals are brittle at atmospheric pressure and 
room temperature because a change in mode of deformation from glide on 
[100) (11 0) slip systems to glide on {:1 10} (110) slip systems occurs 
which involves violent kinking . 
2 . Kinking occurs on the nominally unstressed dodecahedral slip 
on p lq"e.S' 
systems/ which lie parallel to the compression axis . 
3. Sufficient stress could be thrown onto these {110} planes if a 
small misorientation of the crystal occurred under load . 
4. The misorientations could arise from both crystallographic 
sources (eg . subgrains and precipitate particles) and from misalignments 
of the apparatus . 
These crystals are subjected to the highest stresses ever reported 
on MgO without fracturing, and it is evident that the C100} <110) slip 
systems must be loaded to nearer their theoretical strength than al most 
any other bul k crystal yet r eported , except perhaps in the cas e of quartz 
deformed under extreme pressures at el evated temperature (Carter et al . 
1964). 
The maximum resolved shear stress in the crystals is applied almost 
along the most favourably oriented {100} (110) slip direction ; eg o from 
- 2 (Table 4. 1), with a maximum applied stress of about 25 , 000 kg . cm , the 
shear str ess on the {100) plane is - 2 0. 472 x 25 , 000 kg . cm , or 11, 800 
kg . cm- 2 , which is between 1/3 and t of the theoretical shear stress of 
- 2 ( 6 ) 41, 000 leg . cm Stokes and Li , 19 4 • A more realistic estimate of the 
strength of the (100) plru1e is provided by Gilman (1 959) who considered 
10 7 
I I 
Ii 
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the stress required to generate an electrostatic fault in the (100) plane , 
such as is shown in Figure (1.1). Here the stress for an electrostatic 
fault is '( = 2 Y/b 
-2 . 
where Y = 1150 ergs.cm lS the surface energy of 
-8 the crystal and b = 3 x 10 cm is the Burgens vector of the dislocation 
causing the fault. Hence the theoretical strength in the (100) plane is 
lr = 78,000 kg .cm-2 and our present crystals are stressed to ;~:~gg = i 
10 8 
of the theoretical strength in the (100) plane without moving the (100) <110) 
dislocations! The magnitude of the Peierls stress which could contain 
such large stresses must be near the full theoretical strength when the 
stress-raising factors which exist locally in the crystal are taken into 
consideration, and it seems likely that, in fact, loops of (100) <110) 
dislocations must bow out to contribute to the plastic microstrains which 
could produce local rotation of the crystal structure to throw stress on 
to the (110) planes. 
The experiments on heat treated crystals reinforce the view that 
micro-strains may be involved in the pre-kinking deformation of these 
crystals. It is known that a large component of the temperature-dependence 
of the Peierls stress in LiF is due to impurities (Johnston 1962) , and 
we find that in the absence of impurities precipitates the ~~O crystals 
are much weaker than in their presence (Table 4.3), but despite the fact 
that solution-treated crystals have only one half ,the strength of aged 
crystals, no visible cube-plane slip appears; ie., the Peierls stress 
remained too high for macroscopic slip, but the stress for micro-yielding 
was lowered to one half of the original value by the removal of the 
precipitate particles. 
I 
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2 . Deformation of ( 111 ) Crystals at Elevated Temperatures . 
Deformation of crystals in the <111 ) direction was extended to 
elevated temperatures for two purposes . 
1) to test the hypothesis that kinking would persist as the primary 
o 
mode of deformation up to about 300 c, 
2) to determine whether the cube- plane slip systems were pressure-
sensitive, ie . whether the Peierls stress could be affected by pressure. 
The first objective arose from the room temperature experiments, when 
it appeared possible that the mode of deformation changed from glide on 
cube planes above 3500 C to kinking on dodecahedral systems below 350oC, 
and the second developed from the deformation of polycrystals under pressure 
to be described in Chapter 5. In polycrystals the yield and flow stresses 
were very strongly affected by the confining pressure in a manner reminiscent 
of the effects of temperature on the Peierls stress in body centred cubic 
metals (Basinski and Christian 1960; Conrad 1961), and because the cube 
planes in MgO have a much higher Peierls stress than the {110} planes 
(see Figure (4.1», it was possible that the lattice resistance to disloca-
tion motion was being affected by pressure either through elastic inter-
actions with precipitate particles (Johnston 1962) which is quite possible at 
these pressures , or by affecting the core of the dislocation, which is 
less likely, since the scatter of results in Table (4 .1 ) can be ascribed to 
variations in orientation (Table 4. 2) , or more probably to small differences 
in structure (Table 4. 3) . 
One series of experiments sufficed to examine both of these questions, 
as described in the following . 
I 
Experimental . 
Two large blocks of Norton MgO crystal were sawn up to provide 
specimens measuring approximately 5 mm. square and 12 mm . long . The blocks 
were oriented, sawn and polished as described in Chapter 2 . 
Deformation was carried out in the high temperature apparatus using 
Argon gas as the pressurising medium. The crystals were wrapped in 
platinum foil 0 . 001" thick to preserve the polished surfaces, and placed 
in a thick-walled copper case to fill the volume of the sealing jacket 
up to 1 cm diameter . The annealed copper jacket was then sealed onto the 
pistons for assembly into the apparatus (see Figure 2. 3) . Corrections for 
the load carried by the copper sleeve were made as described in Chapter 2 
and Appendix III . 
o Crystals were deformed between room temperature and 750 C at 1, 2 
and 5 kb pressure(1) as described in Chapter 2 . 
Results and Discussion. 
The stress - strain data obtained from these experiments are summarised 
in Table (4. 4), which also includes details of the flow stress at 1%, 3% 
and 5% plastic strain as in previous Tables . The limit of the elastic 
portion of the stress- strain curve is denoted the ' yield stress ' ; up to 
o 200 C most of the specimens kinked and an 'upper ' and ' lower ' yield stress 
o is therefore given, but above 200 C the deformation mode changed to a more 
homogeneous plastic behaviour. This is illustrated in Figure (4. 13), 
o 
where the stress- strain curves at and above 300 C do not kiruc , but resemble 
those of Hulse et al . (1963) shown in Figure (4. 3) . 
(1) 1 kb was the lowest pressure at which ductility might be expected and 
5 kb was the maximum pressure available in the apparatus . 
I 
I 
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Tabl e (4. 4). T. D. = test discontinued . 
Behaviour of Polycrystalline liIgO N. D. = not determined . 
at Elevated Temperatures 
Temperature Specimen Pressure Yield Stress Flow Stress at given Total 
- 2 - 3 Strain. Strain 
°c No . kb kg . cm x 10 
- 2 - 3 
Upper Lower kg . cm x 10 
1% 3% 5% 
100 1. 4b 5 13 ·1 11 . 0 kinked T. D. 3· 8 
1. 4c 5 16 . 8 14. 2 kinked 15 · 4 T.D. 3· 2 
150 1. 2e 5 22 · 3 21 . 8 22 . 8 25 · 0 (26. 2) 4. 0 
200 3· 1g 10·7 10. 2 kinked T.D. 0 · 5 
1. 1b 20. 4 N.D . kinked T.D. 5· 0 
3· 1h 2 21 . 0 12 · 5 kinked N. D. T. D. 4. 1 
1.1a 5 19 · 5 22 . 8 24 . 4 N.D. 9· 0 
1. 1d 5 21 . 0 15 · 7 kinked 16 . a 17 . 6 7 . 0 
300 3· 1e 1 10· 7 13 · 5 17 · 2 T.D. 3· 5 
1.2a 5 13 . 0 15 · 5 17 · 7 T.D. 3· 5 
3· 1a 5 10· 3 11.8 T.D. 2.0 
3· 1c 5 15·0 13 · 8 20 . 0 T.D. 3. 0 
3· 1f 5 13 · 2 17 · 4 21 . 0 N.D. 3· 0 
350 1. 2c 5 9 · 9 11 · 9 T.D . 1. 0 
400 3· 1d 1 10· 3 14· 5 T.D. 2. 0 
1. 2b 5 9 · 3 13 · 8 15· 7 (16 . 0) 4. 0 
3· 1b 5 10. 6 14· 9 18 . 4 T.D . 3· 5 
600 1· 3a 1 4. 6 8 . 0 9 · 8 3· 5 
1. 2d 5 4. 2 7 · 3 8 · 9 3. 0 
1· 3d 5 4·5 T.D. 0· 5 
750 1. 2g 5 3· 2 4. 0 T.D. 1. 0 
I 
The effects of temperature and pressure on the yield stress are 
plotted in Figure (4.14) (the upper yield stress is plotted up to 200oC) , 
and the curve of Hulse et al e (1963 , Figure 4) for this orientation is 
also drawn in as a broken line . Down to 1500C the present results agree 
well with Hulse ' s results obtained at atmospheric pressure, but at lower 
temperatures the present results (and most of Hulse's results also) fall 
below the curve. General agreement between the pressurised and unpressur-
ised specimens is therefore good. 
i) Effects of temperature on mode of deformation. 
The present results confirm the hypothesis developed in Figure (4.9) 
that a change in mode of plastic deformation should occur at about 3000C 
in the crystals having a <111) compression axis . The assumption of a 
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o 
"misorientation effect" equivalent to about 2 of rotation of the structure 
appears to hold until at least 200oC, and slip systems other than 
D10} <110) appear at 3000C as predicted in Figure (4.9) , but although 
deformation persists on {110} <110) slip systems up to 200oC, the change 
in deformation mode at 3000C does not si: nify a change to simple cube- plane 
slip systems. Microexaminati on of the deformed specimens revealed a much 
more complex transition in which the .(110} (110) slip systems continued 
o to operate even up to 750 C. This is described in more detail below, 
where it appears possible that the constrictions due to the copper case 
around the crystals may have affected the operating slip systems . 
ii ) Effects of pressure on strength . 
The effects of pressure on yield and flow strength appears to be 
much smaller than the effects of structure and orientation, and Figure (4.14) 
0 
shows t here is good agreement up to 750 C between crystals deformed at 
atmospheric pressure by Hulse et ale (1963) and crystals deformed at 
, 
I 
i 
, 
~-
1, 2 and 5 kb pressure. No effects of pressure on the strength of the 
{J OO) (110) slip systems therefore appears to occur . Little effect of 
pressure on the dodecahedral slip systems would be expected because the 
Peierls stress on these planes is fairly small, and up to 2000 or 3000C 
no pressure effect was therefore expected in the presence of kinking . 
Equally, no pressure effect would be expected at higher temperatures if 
slip systems other than the {100} (:)10) operated in combination with the 
11 3 
cube-plane or the dodecahedral slip systems because conditions for 'pencil ' 
glide or 'wavy' glide(1) would then exist. Since microexaminations of 
the deformed crystals showed that {110} <110) slip systems as well as 
{112} <110) and {j00} (11 0) systems operated up to 7500C, the evidence 
does not exclude the possibility of pressure effects on the cube planes, 
but it does suggest that if a large increase in the strength of the 
{1 OO} <110 ) slip systems occurs under pressure, then other slip systems 
can operate instead. Since the strength of polycrystals was sensitive 
to pressure up to about 7500C (see Chapter 5) it may be concluded that 
the pressure sensitivity was not due directly or indirectly to changes 
in strength of the cube planes unless the deformation behaviour of poly-
crystals differs widely from that of these ( 111 ) crystals. 
iii) Examination of Microstructures . 
The polished surfaces of the deformed crystals were well preserved 
by the platinum foil in which they were wrapped and usually the (112) 
faces were suitable for direct examination for slip traces when the foil 
was removed. Some crystals were also cleaved on the (001) plane 
perpendicular to the (110) face and etched to reveal dislocation bands. 
--------------------------------------------------------------------
(1) ie. A free transfer of glide among several planes having a common 
slip direction. 
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In many cases the crystals were too heavily deformed to provide a clear 
etch-pit pattern because the whole of the etched surface became filled 
with fine unresolvable etch pits, upon which were superimposed bands of 
higher dislocation density revealed by small chan?es in contrast on the 
surface. In this respect the disloca tion patterns were not as clear in 
the <111 ) crystals as in the lightly deformed ( 001 ) crystals described 
in Chapter 3, in which a clear distinction between the strain-free parts 
of the crystal and the disloca tion bands could be made. 
The sensitive Stokes etch (5 parts saturated NH4Cl solution with 
1 part H2S04) was not sufficiently deep-etching for these crystals and 
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the Washburn etch (3 parts HCl and 1 part saturated NH4Cl) was used either 
cold (10 minutes etching time) or boiling (2 seconds etching time) was 
used for hi~her contrast. 
In the kinked crystals the hi h residual stresses caused extensive 
cracking of the etched surfaces and examina tions were therefore restricted 
to the measurements of slip traces on the original surfaces as with the 
room temperature specimens. 
Kinked Crystals. 
~inking at 1000 , 1500 and 2000 C occ~red at approximately the same 
stress levels as at room temperature and the pattern of slip traces and 
kink bands was basically similar to Figures (4.4) and (4.5) on the (112) 
face, with rotation of the D 10} planes parallel to the longitudinal axis 
into kink bands and the appearance of sets of transverse {110} (110) 
slip traces in several directions. The slip traces were much shorter and 
narrower at elevated temperature, however, and the kinks were narrow and 
contained more than one slip system as shown in Figure (4.15a). The 
principal kinking system remained the longitudinal {110} <110) system in 
many of the kinks, (e.g. the upper kink in Figure 4.15a), but in other 
kinks a 'wavy glide' mechanism appears to have converted the kink into 
a band of complex deformation (e. g . the lower kink , Figure 4.15a). 
o Kinking at 200 C was near the upper limit of the kinking range 
(see Figure 4. 9) and it is quite possible that near the transition 
deformation could change from one mode to the other in different parts 
of the crystal. The development of oblique V10} <110) slip systems would 
also involve formation of D12} <110) dislocations as found in the cube-
oriented crystals in Chapter 3. These systems would serve further to 
complicate deformation within the original kink to produce structures 
having 'wavy ' components as in Figure (4.15a). 
Kinks also formed more freely at elevated temperatures, and in 
complementary directions of rotation, so that the bulging on the (110) 
faces was less pronounced than at room temperature. The kink band 
boundaries also rotated through larger angles (up to 160 ) without causing 
extensive fracturing because more than one slip system was involved, at 
least in the later stages of deformation within the kink band. 
Unkinked Crystals. 
o 0 These crystals were deformed between 300 C and 750 C. The micro-
structures confirmed the stress-strain behaviour in showing no significant 
differences in deformation behaviour due to confining pressure at a given 
temperature, and the general mode of deformation, though complex, was 
similar throughout the range. Slip traces on the (112) surfaces were 
often short and closely spaced, with small zones of more complex 'rumpled ' 
areas indicative of local 'wavy ' glide as shown in Figure (4.15b). The 
unusual feature of all these crystals was that deformation continued to 
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occur on dodecahedral slip systems even up to 7500 C, although kinking did 
not appear and other slip systems were also i nvolved. A simple change 
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to the more favourably oriented {100} (110) systems did not occur at the 
change in mode of deformation; other slip systems such as the (112} (110) 
and {H O} ( 110) became involved to provide a more homogeneous mode of 
deformation. 
A short description of the microstructures of selected crystals 
follows to illustrate the types of deformation found at various temperatures. 
a) Crystal NR(3.1f), deformed 3.5% at 3000 C and 5 kb pressure. 
:Many well - developed b 10} (110) slip traces formed on the (112) 
faces similar to those formed at room temperature (see Figure 4.5.b), 
though more closely spaced, but small zones of the crystal contained 
broader, rumpl ed areas which appeared to involve other slip systems , as 
shown in Figure (4.15 . b). Sometimes these rumpled areas differed in 
orientation from the D 10} planes, between 400 and 600 to the longitudinal 
axis, ie. between the t100} traces (380 ) and the \,110) traces (580 ) on 
the (112) face . Clearly this indicates the simultaneous operation of 
the two major slip systems, but with well - developed traces only of the 
dodecahedral systems . A closer analysis of the orientations of the 
rumpled zones suggested however that dislocations were also moving on 
the ~ 12) planes, as the following measurements show: -
Slip Traces 
Number (1) 
Measured 
Orienta(i ~m 
degrees 2 
5 26 to 27 
7 40 to 50 
6 45 to 51 ) ) 
4 45 to 55 ) ) 
5 45 to 63 ) 
5 52 to 59 
4 57 to 61 
4 64 to 70 
(1 ) in a given ' wavy ' zone . 
Nearest Rational Planes(2) 
29 
38 , 58 
58 
58 
58 
58 ,72 
(110 } 
58 
58 
58 
58 
58 
{100} 
38 
38 
(2) orientation with respect to the longitudinal axis on the 
(112) face . 
Each of these sets of irregular traces varied within only a few 
degrees of orientation in a Liven zone. Some zones were oriented either 
near {11 0} or [100\ planes , or lay in between , possibly representing the 
' wavy ' combination of the two principal slip systems, but at the extremes 
of the range of orientations , near 29 degrees and near 72 degrees the co-
incidence with 0 12) planes was unambiguous . All the other orientations 
listed above could also have contained b 12) 0 10) components of slip , 
and these slip systems must therefore be considered as equally active as 
the others under pressure at elevated temperatures . 
119 
(a) Crystal (l.ld), 200°C, kinks on the (112) face. 
(b) Crystal (J.1f), JOOo C , l1101 ~lip trace with "wavy" 
zones on the (1;2) face. 
(c) Crystal (J.lb), 400°C, {110~ di location band~ on a 
cleaved 100 plane. Etched in Washburn's olution. 
(d) Crystal (J.lb), 400°C, f112~-oriented dislocation 
bands. Cleaved face as in (c) above. 
(e) Crystal (l.Jd), 600°C, [1101 dislocation band on 
cleaved and polished face. Etched in Washburn's solution. 
(1) Crystal (l.Jd), 600°C, [1001 dislocation bands with 
feathery edge . 
~re (4.15) Mi rostructures of MgO crystals with a <111) 
compre~sion axis deformed at elevated 
temperatures and 5 kb. pre sure. 
Compression axis vertical. 
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Figure (4.15) 
b) Crystal (NR3.1b), deformed 3% at 4000 C and 5 kb pressure. 
Slip traces on the (112) face were very similar to those described 
above , with fine D 10) traces interspersed with rumpled zones. 
The crystal was cleaved along a cube plane normal to the (110) face 
and etched in the HC1-}lli4Cl solution (blf Washburn) for 10 minutes. The 
etched surface was filled with a fairly uniform distribution of fine etch 
pits with dislocation bands of several orientations superimposed as 
darker areas of higher dislocation density, as shown in Figure (4.15c) 
and (4.15d). 
Dislocation bands usually lay either parallel to the <11 0) direction 
as in Figure (4.15c) or in small groups at anrles near 17 0 or 73°.to the 
< 110) direction, ie. near the {112) orientations as shown in Figure (4.15d). 
Dislocation bands of the cube orientation were found in small areas only 
near the ends of the specimen, near the compression faces. The general 
background etching could be taken as evidence of cube-plane glide (Hulse 
et al e 1963) but this could also have been caused by the dodecahedral glide. 
The eneral evidence for glide in this crystal sugCests that the dode-
cahedral systems were the princi~al gliding systems. 
c) Crystals (1.2d) and (i.3d) deformed at 6000 C and 5 kb pressure. 
Deformation structures at 6000 C were very similar to those at 400
0
C, 
and slip traces on the (112) planes corresponded to ~ i0} systems, with 
'wavy' zones as in Figure (4.i5d). 
(i00) surfaces were exposed by cleaving as above, but the clea ved 
surfaces were polished in hot orthophosphoric acid before etching, to 
remove surface damage and smooth out the smaller cleavage steps. The 
surfaces were then deeply etched in Washburn 's solution to reveal 
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dislocation bands . The majority of the etched bands corresponded to {110} 
and {112J planes as in Fi lITes (4.15c, d) at 4000 C, with the (110) bands 
very well developed, as in Figure (4.15e) (the sharp horizontal traces 
in Fi;ure (4.15e) may have been produced during cleaving and were not 
removed by polishing}. Cube- plane slip was much more strongly developed 
at 6000 C, as shown in Figure (4.15f). The {j 00} <110) dislocation bands 
had an unusual structure, however, with very feathery edges which had 
developed in the t 110} direction, ie. the {100} bands appeared to have 
grown by cross- slip into {110} planes rather than by glide directly along 
~ 001 planes. Widening of dislocation bands on {110} planes occurs by 
cross- slip or by "sprouting" (Johnston and Gilman 1959; Argon and Or ow an 
1964a), but these mechanisms have not been investigated on the cube-plane 
dislocations. The present evidence favours the direct ' sprouting' 
mechanism of Argon and Orowan (1964 a), and the very long extensions of 
the feathers laterally from the bands in the {1101 direction, suggest 
that it was difficult for the dislocations to propagate along the new cube 
planes when they arrived there. 
Summary and discussion of behaviour of ( 111 ) crystals at elevated 
temperatures. 
Experiments at elevated temperatures confirmed in many respects the 
predictions concerning the change in mode of deformation made on the basis 
of room- temperature experiments, but the detailed mechanisms of deformation 
were much more complex than were supposed, ru1d a direct switch from dode-
cahedral glide to cube-plane glide did not accompany the cha11.'e from 
o 0 
kinking to uniform deformation between 200 C and 300 c. 
1 
The results may be summarised as follows:-
1. A change in mode of deformation from kinking on {110} (110) 
slip systems to more homogeneous flow involving other slip systems 
o 0 
occurred between 200 and 300 C. The change occurred at slightly lower 
temperatures than predicted from the room temperature experiments. 
2. The strength of the <111 > crystals was not affected by con-
fining pressure between one and five kilobars, and the present results 
agreed well with those of Hulse et ale (1963) at atmospheric pressure 
(see Figure 4.14). 
3. Kinking became more complex at elevated temperatures, with more 
than one slip system involved. The kinks occurred freely in two senses 
of rotation, the kink band boundaries were rotated further away from 
their original {110) orientation (e. g . up to 160 away) and the bands were 
often short and narrow. 
4. The slip systems involved above the kinking range (ie. at 3000 C 
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and hieher) were not simple cube-plane systems as found by Hulse et ale 
(1963). Deformation on [110) (110) slip systems was found even at 7500C, 
and signs of combined slip on several systems were revealed by ' wavy' glide 
patterns . Glide on {1121 planes was identified above 3000C, and cube-plane 
slip only appeared distinctly at 6000C. In this respect it appears that 
the experimental conditions did modify the slip behaviour somewhat. 
In the cube-oriented crystals (Chapter 3) we already have evidence 
that the interaction between slip systems may be modified by the constraints 
of close- fitting rubber jackets, and in Chapter 5 it will be shown that 
rubber jackets also affect the strength of polycrystals. The thick copper 
inserts used in the present experiments may therefore have induced the 
complicated slip patterns in these <111 ) crystals, although there was 
t 
I 
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no apparent effect on strength . No evidence has been found before, however, 
of the suppression of the major slip system as happens here, and three 
possible explanations are presented below to explain this behaviour: -
a) the {100} (110) slip systems were too strong below 6000 c to 
glide freely . Deformation therefore continued to occur on dodecahedral 
slip systems, which generated {1123 <110) disloca tions and produced 'wavy' 
glide. 
b) the (100} (110) slip systems were hardened by pressure sufficiently 
to slow down their propagation on cube planes . ~ OO)-glide therefore 
occurred in combination with other systems to produce wavy glide zones . 
c) the copper sleeves opposed lateral bulging of the specimens by 
r100} (110) glide and forced slip onto other systems . 
It should be noted that although Hulse et al e (1963) found broad 
t1OO) (110) dislocation bands in lightly deformed (iii) crystals at 
600oC, their illustration also contains dislocation bands of t1 12l orienta-
tion. Among the three possibilities above therefore, the first seems most 
likely, ~ that at quite moderate strains the cube- plane slip becomes 
submerged by or combined with other slip systems . 
I 
I I 
1 
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CHAPTER 5. 
Deformation of Polycrystalline Magnesium Oxide 
at Room Temperature. 
Introduction. 
Polycrystalline aggregates of the stronger ionic crystals with the 
NaCI structure ar~ invariably brittle at room temperature and atmospheric 
pressure, because the deformation processes in this structure are both 
highly anisotropic and very inhomogeneous. Although slip can occur on 
six V 10) ( 110) slip systems, deformation is anisotropic because these 
are equivalent to only two independent slip systems (Groves and Kelly 1963) 
whereas five independent slip systems are required for the homogeneous 
deformation of a polycrystalline agfTegate of random orientation, if differ-
ential strains across the grain boundaries are to be avoided (von Mises 
1928; Taylor 1938) . Slip is also inhomogeneous because wheil a slip band 
forms, deformation proceeds by the widening of the existing band rather 
than by slip on another system in the same grain (Johnston and Gilman 1959, 
1960; Argon and Orowan 1964 a). This causes the build-up of large stresses 
at the ends of the slip bands (ie. at the grain boundaries) which causes 
cracking (Stokes and Li 1963e j. 
Although the Taylor criterion for homogeneous deformation may be a 
sufficient criterion for ductile behaviour in polycrystals, it is frequently 
found to be inadequate in practice. Barrett and Levenson (1 940) found that 
only three slip systems appeared to operate in iron; Bishop and Hill (1951) 
showed that the assumption of homogeneous strain did not in fact result in 
1 
: 
! 
I 
I 
I 
I 
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equal forces across grain boundaries, and Kocks ( 1958) showed that Taylor ' s 
assumption that the flow stress of a polycrystalline aggregate could be 
calculated directly f r om the single crystal properties involved conditions 
(1) 
of polyslip in the gr ains of an aggregate which were never met with in 
some single crystals. Nevertheless , the Taylor criterion is widely accepted 
as valid , and it certainly appears to explain why the NaCl structure 
becomes ductile at elevated temperatures, when three additional {100} ~ 10) 
slip systems begin to operate (Gilman 1961, Hulse et al e 1963) · 
In practical experiments the homogeneous strain criterion seldom 
applies . Deformation within a single grain of an agbTegate is usually very 
inhomogeneous (Boas and Hargreaves 1947) and the conditions of polyslip 
stated by Kocks (1958) appear to apply in different degrees as the forces 
required to maintain continuity at the boundaries between a grain and the 
matrix in which it is embedded varies from place to place . (This inhomo-
geneity of str ain was found to apply very strongly in polycrystalline MgO) . 
Individual grains may well require the operation of five independent slip 
systems to achieve local accommodation but it is also found , both in AgCl, 
which has the NaCl structure , (Stokes and Li 1 96~)and in metals , that the 
mode of operation of the slip systems has a controlling influence on 
ductility . In FeCo alloys the transition from brittle to ductile behaviour 
depends on the degree of ordering (Johnston et al e 1965; Marchinkovsky and 
Fisher 1965). This controls the incidence of planar and wavy glide , which 
result in brittleness or ductility respectively . Other factors which 
influence the deformation mode of these alloys , are the solute content 
(1 ) Polyslip is defined as a stress state that produces the same resolved 
shear stress on five independent glide systems (Kocks 1958). 
i 
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and temperature (Stoloff et al. 1965). In AgCl, which defor ms freely by 
wavy glide at room temperature, the appearance of planar glide at low 
temperatures causes brittleness, even though t here are sufficient slip 
systems still available to satisfy the Taylor criterion (Carnahan et al . 
1961). 
In an excellent review of the subject, Dorn and Mote (1963) point 
out that, although Taylor ' s principles for predicting the stress- strain 
behaviour of polycrys tals from single crystal data is not really valid , 
because deformation is not homogeneous and the orientations of individual 
gr ains differ froD his assumption in real polycrystals , the theory does 
give the correct macroscopic stress- strain data . Any comprehensive theory 
of polycrystalline deformation should take into account the elastic and 
plastic strains over all ranges of plastic strai ns, including the "slip mode" 
(ie. wavy glide as well as planar glide) , the effects of grain size 
(Armstron~ et al. 1962), and local effects such as kinking and twinning . 
The recent theory of Kr~ner (1961) attempts to do this, and includes the 
elastic components of the Bauschinger effect which is neglected in the 
treatments of Bishop and Hill (1 951 ) and Taylor (1938) . Even here , however , 
the basic difficulty lies in obtaining the appropriate single-crystal 
stress- strain data. 
In an experimentally deformed polycrystal other mechanisms than 
simple glide may also operate to relieve stresses in local areas, and 
Tegart (1 964) sugrests that twinning, kinking , or more complex deforma-
tion bands coul d also operate in this local capacity . These structures 
are frequently found in minerals and rocks deformed under high confining 
pressures as , for example , in polycrystalline biotite which deforms 
entirely by kinking of random orientation (Raleigh , private communication ) , i 
I 
I 
I 
I 
I 
; 
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or in phyllite, a highly foliated rock, which deforms by a process of 
complex folding and interpenetrating kinking (Paterson and Weiss, 1966), 
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or in calcite which becomes ductile at quite moderate pressures and deforms 
by both twinning and slip (GriJs 1936, Paterson 1958). 
The application of high confining pressures inhibits the propagation 
of cracks because a large friction force is generated when the free surfaces 
of the cracks are pressed together. Much higher loads may therefore be 
applied to brittle materials under pressure without catastrophic fractures 
developing, and under these hir.her loads deformation mechanisms not 
usually mobile may become activated to produce ductile behaviour. Inherent 
in the study of brittle materials under pressure is the concept that micro 
fractures may form, but not develop into macroscopic fractures. In metals 
it is known that many micro- cracks may form during plastic deformation 
without causing dangerous reduction in ductility (Stroh 1957; Low 1963), 
and in MgO therefore it may be possible to accommodate a small amount of 
non-propagating fracturing in order to achieve ductile behaviour on a 
macroscopic scale. 
In the present experiments the polycrystalline 1~O became increasingly 
stronger under increasing confining pressure until between 2 kb and 3 kb 
plastic deformation of the whole specimen began to appear. At higher 
pressures large plastic strains could be imposed without macroscopic 
fracture. Examination was made of the effects of confining pressure, 
grain size and jacketing material on yield strength and on rate of strain 
hardening at rOom temperature, and the slip systems operating in both the 
brittle and the ductile specimens were determined. 
I 
I 
It was evident that many of the features of ductile behaviour at 
high temperatures ( e . g . as found by Hulse et al. 1963) could be produced 
under high confining pressures at room temperature. Other notable effects 
were the very l ar ge pressure- dependence of the macroscopic yield stress 
at room temperature , and the pronounced influence which the strength of 
the sealing jacket had on the strength of the Mg O. Experiments were 
therefore extended to elevated temperatures (reported in Chapter 6) to 
determine the effect s of temperature on the pressure- sensitivity of 
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coarse- grained MgO polycrystals , and its relation to the slip modes involved 
in deformation under pressure . 
The majority of compression tests were carried out on coarse- grained 
Norton specimens , upon which optical and X- ray examinations of individual 
grains could most readil y be made . The fine - grained specimens were too 
few in number and too small in grain size to yield more than simpl e 
mechanical properties . 
Experimental Results 
1. Coarse gr ained specimens , Room temperature . 
To provide a general picture of the effects of pressure on s tress-
str ain behaviour , forty specimens having a fairly uniform grain diameter 
of approximately 0 . 5 mm . were deformed at confining pressures in the range 
o to 10 kb . The resulting stress- strain data is summarised in Table (5 . 1), 
listed against the applied confining pressure . A distinction is maintained 
between the two bat ches of specimens used , although they were both supplied 
by Norton and no significant differences in behaviour between them were 
apparent . Tabl e ( 5.1 a ) contains the results obtained at 1. 5 kb pressure 
or l ess , where tests ended in brittle shear failure , and Table (5.1 b) 
contains the r esul ts of tes ts at higher pressures where specimens were ductil e . 
I 
: 
I 
I i 
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p 3 1.0 4.0 4.85 2.0 
p 7 1.0 5·0 5· 25 0.2 
p 13(L) 1. 0 4·7 5· 0 0·5 
f 
P 23 1· 5 6.0 7·3 2.6 I 
N 20 1·5 6.05 0 
* Norton specimens. 
L = latex jacket. I 
(1) Atmospheric Pressure. 
Table 5.1 b . Compression Tests on Coarse-Grain ~~0 (1). 
---
- - . _--
Specimen Jacket Conf . Yield DeformC ) Stress at given plastic Strain Rate of Material Press. Stress ation 2 
- 2 - 3 Work Hardening 
- 2 - 3 kg- em x10 - 2 - 3 % kg- em x10 kg- em x10 1% 3% 5% 10% kb 1% 5% 
P 16 L 2 4. 4 5· 0 5· 3 5· 8 E) . O - 32 10 
P 2 R 6 . 4 1. 2(3) 7·1 - - - - -
N 18 R 5. 2(4) 15·0 5· 5 (6. 0) (6. 4) (7.5) - -
N 13 Cu 7 · 35 6 · 5 7·4 7 · 6 8.1 - 10 20 
P 24 R 2· 5 6. 6 1<1. . 0 7 · 2 7 · 2 7·5 8. 4 0 16 
N 9 R 3 7· 0 16.0 8.1 8· 9 9·3 9· 9 54 12 
N 23 R 6 .7 17· 5 7·7 8 .2 8 . 4 8.8 26 10 
P 11 L 5 6. 8 2·5 7·85 - - - 36 -
P 20 L 6. 8 8. 0 7·1 7·8 8· 3 - 32 22 
P 5 R 8. 0 10. 0 8·3 8.8 9·4 10· 9 25 25 
N 1 R 7 · 5 8· 3 8. 6 9· 6 10· 3 - 36 36 
N 4 R 8·5 2· 3 9· 9 - - - 24 -
\ , 
8 7·83 3 · 6 7·9 9 · 0 76 
l' I .n 
\ 
I .'/ 
." 
8·5 2·3 9·9 - - - 24 -
.- -
N 4 R -
\ j 
~ ---- I I . \ 
NlO L 8 7· 83 3 · 6 7·9 9· 0 - - 76 -
N 19 L 7·6 2.0 8.8 9·0 - -
P 1 R 9· 7 1.0 10.8 - - - - -
p 6 R 9·5 1·7 10.6 - - - - -
N 8 R 10.3 19·5 11.2 12·3 13·4 14. 8 50 50 
N 12 Cu 9·8 3·5 10.8 11.8 - - 52 -
P 9 L 10 8 . 8 3· 0 10.2 10·7 - - 31 -
N 17 L 8.2 14.0 9· 2 10.8 12.0 14.0 70 41 
p 8 R 10.0 3·1 11·5 12.8 - - 31 -
P 19 R 10·5 12. 0 11·3 12.6 14.1 17·9 44 74 
N 5 R 10·5 8.0 12.6 14·5 16.1 - 86 60 
N 6 R 12.2 2.0 13· 6 - - - 71 -
Notes . (1) Norton specimens 
(2 ) All tests discontinued after test 
(3) Jacket failed 
(4) Shearing failure 
-
W 
IV 
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Originally the tests were made in rubber jackets which did not 
puncture when the specimen failed, but when the jacket was found to affect 
the strength of single crystals (see Chapter 3), a parallel series of 
tests were made with specimens sealed in two layers of Latex which proved 
more reliable than the single- layer Latex previously used, yet still had 
negligible strength compared with the specimen. Two tests using thin-
walled copper jackets were also included for purposes of comparison. 
Because the effects of pressure were very pronounced in both the 
brittle and the ductile ranges, the Tables include data on the yield and 
fracture stresses, on the flow stress at 1%, 3%, 5% and 10% plastic strain, 
and on the rate of workhardening at 1% and 5% plastic strain. The stress-
strain curves of typical coarse-grained specimens are drawn in Fig . (5.1), 
where the pronounced strengthening effects of pressure, and the influence 
of the strong rubber jackets is clearly demonstrated. 
The results of these experiments may be briefly summarised as follows:-
1) At or below 2 kb confining pressure the polycrystalline b~O 
failed by oblique shear fracture, sometimes preceded by a small amount of 
plastic deformation, depending on the pressure. 
2) The fractUre stress increased rapidly with pressure, from 
2 -2 
approximately 3,000 kg .cm- at zero pressure to 7,000 kg .cm at 2 kb 
pressure (in rubber jackets). This rapid rise in fracture stress is 
usually found in brittle rocks (Griggs 1936; Handin and Hager 1957). 
3) At 5 kb pressure or higher the specimens were ductile and could 
sustain large plastic deformation without macroscopic fracturing. 
4) The yield stress and flow stress continued to increase with 
pressure even when the specimens were ductile. This is most unusual 
behaviour, seldom found in rocks or minerals (Paterson and Weiss 1966, 
Lyell and Paterson 1966 ). 
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5) The sealing jackets appeared to influence the strength of the 
specimens at all pressures . 
The significance of these features of mechanical behaviour will be 
discussed in more detail in later sections in the combination with the 
results on the fine-qrained hot pressed and sintered specimens. For the 
present it will suffice to describe the general behaviour briefly. 
In most specimens a flat was polished longitudinally, parallel to 
the compression axis . This enabled the deformation and fracturing of 
individual grains to be examined after deformation. At low pressures 
where a transverse shear fracture developed, only a small amount of 
plastic deformation occurred before fracture, but at higher pressures 
considerable amounts of fine and coarse slip lines developed, and the 
surface gr ains bulged and rotated independently in a ductile manner as 
shown in Figure (5.2). The transition from brittle to ductile behaviour 
as shown for fine - grained specimens (sintered) in Figure (5. 4) is typical 
of the change in all three types of specimen. In the ductile specimens 
the plastic bulging appeared to be perfectly homogeneous, except that 
individual grains contained fine cracks and the specimen changed from a 
translucent appearance before deformation to a white opaque appearance 
after deformation which suggested the development of internal micro-
fracturing . There is evidence on other materials, however, that this 
microfracturing could arise after deformation, when the load and confining 
pressure were removed. The release of locked- up stresses (Heyn ls stresses; 
Schmid and Boas, 1950, p.315) l eads to fracturing during unloading which 
causes secondary l ength changes with an apparent decrease in the amount of 
deformation in the specimen (Paterson 1963). Small amounts of disconnected 
fracturing might therefore be expected in the ductile specimens, not 
connected with the primary deformation processes under pressure. 
I i 
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2 . Fine-Gr ained Sintered MgO . 
Thermal Syndicate Ltd . England , supplied polycrystalline MgO which 
had been produced by isostatic pressing followed by sintering at 17000 C. 
These samples were opaque and white in colour, with fine equiaxed gra.ins 
approximately 30~ diameter . - 2 The density of the compacts was 3. 48grn . cm , 
about 97% of theoretical , and the microstructure contained many fine pores 
typical of this type of material . Despite the low density , the sintered 
MgO was very strong under pressure , and equally ductile as the coarse 
grained Norton material . 
Only six specimens were available, so these were deformed singl y 
between zero and 10 kb confining pressure, in double Latex jackets, with 
the results given in Table (5 . 2) and Figure (5 . 3) . Despite the low density 
of these specimens they were considerably stronger than the coarse grained 
Norton specimens (Figure 5. 1) and the rate of workhardening was considerably 
hip,her at equivalent pressures and strains (compare Tables (5 . 1) and (5 . 2», 
and in the range of brittle shear fractures the specimens sustained much 
larger plastic strains before fracture . In other respects their behaviour 
was similar to the coarse grained Norton specimens , ie . the brittle- to-
ductile transition occurred just above 2 kb pressure , and the yield and 
flow stresses remained sensitive to pressure in the ductile condition to 
an even greater degree than in the coarse grained Norton specimens . 
The transition from brittle to ductile behaviour in these specimens 
is shown in Figure ( 5. 4). At pressures near atmospheric the specimens 
failed at low loads by longitudinal cracking , as in Fi~ure (5. 4a) , but 
quite moderate pressures suppressed this and failure occurred by transverse 
shear fracturing as in Figure (5 . 4b) , the angle of failure usually lying 
between 300 and 450 to the compression axis (Jaeger 1962 , p .1 54). At 
Table 5. 2 . Compression Tests on Fine-Grain Polycrystalline 1~0 .• 
(Isostatically pressed and sintered(1)) . Latex jackets . 
Specimen 
No. 
4 
2 
3 
1 
6 
5 
Confining Yield Fracture Deform- Stress at given 
Pressure Stress Stress ation plastic strain 
-2 -3 - 2 -3 kb kg-cm x10 % kg-cm x10 
1% 3% 5% 
0 
-
4.23 0 - - -
1 6. 4 7·3 3· 5 7 · 0 7·2 -
2 · 5 7.6 10.2 9·5 8 . 8 10 . 0 10.2 
5 10.0 - 18.0(2) 12.0 13·1 13·7 
8 11·5 - 7.0(2) 15·1 16· 5 17·3 
10 13. 0 - 6 .0( 2) 16 · 5 18. 6 21 . 0 
Notes (1) Specimens supplied by Thermal Syndicate Ltd. 
(2) Test discontinued . 
Rate of 
Work Hardening 
- 2 -3 kg-cm x10 
1% 5% 
- -
18 (4) 
64 14 
74 28 
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higher pressures the shear fractures were suppressed by the large normal 
stresses applied by the confining fluid, and plastic flow of the whole 
specimen occurred, accompanied by bulging typical of ductile specimens in 
compression (Figure 5.4c). 
Insufficient specimens were available to duplicate the tests in 
rubber jackets, and the grain- size was too small to enable microexamina-
tion of deformation systems to be made. 
3. Fine Grained Hot-pressed NJgO . 
These specimens were produced by the author by mixing 3% LiF with 
commercially pure MgO powder and heating in vacuo at 1000
0
C under a 
pressure of 2000 psi, followed by heating in air at 13000C. The process 
was developed by Rice (1963) and produced a transparent fine grained 
polycrystal1ine body of full theoretical density. The process is more 
fully described in Appendix I. By this method some 55 specimens were 
produced, of which about one half were of sufficiently good quality to 
test. These specimens were not of the perfect optical quality described 
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by Rice (1963), but were quite transparent except for a very fine dispersion 
of white "snowflakes" and occasional larger discs of white opaque material. 
Simi19r fine tfsnowflake" flaws were found in a sample pressing supplied by 
Thermal Syndicate Ltd. (also made by the Rice method), and the defects 
appear to arise from impurities in the starting materials. Despite these 
fine flaws, the density of the specimens was hiuh. Careful Jlle 9 sureI~ents 
of density made an accurate ravimetric appm-atus used by Paterson (1)53) 
produced the followil1[ densities:-
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MgO Material Supplier Density 
gm. per cc . 
Hot pressed Present work 3· 56 to 3·58 ( 10 specs) 
Hot pressed Thermal Syndicate 3· 58 to 3· 60 ( 3 specs) 
Sintered Thermal Syndicate 3· 45 ( 2 specs) 
Melted Norton 3· 48 to 3·57 ( 10 specs) 
Singl e Crystal Norton 3· 575 
Single Crystal Skinner (1957) 3· 583 (Theoretical ,X-ray) 
It will be seen that the gravimetric method produced a figure 
slightly lower than the theoretical X- ray density of Skinner (1957) on 
a sin~~le crystal, but that the hot- pressed specimens from both sources 
were of full theoretical density within experimental error . The 
sintered specimens were of comparatively low density due to the residual 
porosity inherent in the method , and the fused Norton specimens were also 
often slightly porous . 
The grains of the hot- pressed specimens were very uniform and equi-
axed, and approximately 15~, in diameter, as shown in Figure (5 . 5) . 
Some very fine spots visible in this micrograph represent impurity 
particles , but the larger fl aws or hol es in the Figure were probably 
introduced during mechanical and chemical polishing, and do not represent 
grown- in pores . 
The results of the compression tests are given in Tables (5.3a ) 
and ( 5. 3b ) for specimens sealed in latex and rubber jackets respectively, 
and the stress- strain curves are drawn in Figures (5. 6a and 6b) . The 
general behaviour of these hot- pressed specimens was similar to the 
sintered and the coarse grained specimens , ie . a brittle to dUctile 
transition occurred at about 2 kb pressure , and there was a continuing 
TabJ. e 5 . 3a . Compress ion Tests on Hot L a t ex J a.ckets . 
Spec- Confining Yield I Fracture Deform- Stress at given "plastic" Rate of I 
i men Pressure Stress Stress ation s train "Wor k Hard eningtl I 
I No. 
- 2 - 3 - 2 -3 -2 -3 
kb kg-cm x10 % 
kg-cm x10 kg-cm x10 
1% 3% 5% 10% 1% 5% , 
HP 4 0 
-
2. 6 0(1) , 
45 0·5 
-
7·17 0(1) 
, 
0(1) 
, 
3 1 - 10. 4 j 
, 
40 1 
- 8 · 3 0(1) I , 
J: . 
42 2 
-
10. 6 0(1) 
. 
44 2 - 9· 45 0(1) 
43 3 - 10· 9 0( 1) 
32 4 11· 5 (1 2 . 7) 7· 5 12 . 6 f 12 · 5 12 .7 - N. D. 8 . 0 
, 34 4 11. 8 (1 2. 2) 1· 5 Test discontinued . 
6 5 11. 6 N.D. 13 13· 2 14· 3 15·1 16 . 6 64 32 
47 5 13. 0 N.D. 11 13· 2 14.1 15· 0 16 . 8 31 36 
31 8 14· 5 (1 5. 5) 14 15. 4 16 · 9 18 · 3 20 ·7 0 54 
32 8 14- (1 6) 15 15· 7 17 · 2 19· 3 (N. D. ) 0 80 
- --
- _ . --
(1) Note that in al l cases of shear fracture the Latex jackets were found to be 
r uptured along t he l ine of t he fracture. 
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Table 5. 3b . 
Spec- Confining 
imen Pressure 
No. 
kb 
HP 48 0·5 
49 1 
54 2 
53 3 
52 4 
50 5 
51 8 
2 8 
Compression Tests on Hot- Pressed MgO . Rubber Jackets . 
Yield Fracture Deform- stress at given "plastic" 
Stress Stress ation strain 
-2 -3 
-2 -3 
kg-em x10 % 
kg-em x10 
1% 3% 5% 10% 
-
9·1 0 
- 9·9 0 
-
12.65 ( 10) N.D. 
13·3 (1 3. 3) 18 N.D. 11.5 11. 6 12 
13·3 (13.3) 15 N.D. 12·3 12.6 13·8 
14.0 (15. 0) 15 N.D. 14.1 15·1 16.9 
16.2 (17. 6) 12 N.D. 17·3 18.6 20.6 
16. 0 8 16.8 18 19·1 -
Rate of 
"Wor k Hardening" 
-2 -3 kg-em x10 
1% 5% 
N.D. 8 
N.D. 23 
N.D. 40 
N.D. 53 
40 40 
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increase in strength with pressure in the ductile condition. Specimens 
deformed in rubber jackets also had appreciably higher yield strengths 
than those deformed in latex jackets, and the ductile transition occurred 
at a higher pressure with l atex jackets . This may have been caused by 
fracturing of the l a tex jackets a t the onset of shearing . In all cases 
of shear failure, the latex jackets were found to have ruptured along the 
line of the specimen fracture , while the rubber jackets could sustain 
l ar ge local deformations without failing . 
In contrast with the coarse grained specimens the plastic flow 
curves of the rubber- jacketed specimens fell after yielding to coincide 
with the curves for latex- jacketed specimens beyond about 3% plastic 
strain. This is indicated in Figure (5. 6b) , where the early parts of the 
flow curves for specimens in latex j ackets are sketched in as broken lines 
for tests at 5 and 8 kb pressure . 
A s econd unusual feature of these curves is the appearance of a 
"yielding" effect in the ductile specimens . It is not uncommon in the 
brittle- ductile t r ansition range for the shear fracture to develop slowly 
near the limits of the brittle range , when the load falls away from the 
elastic limit to a steady lower value which represents a condition of 
sliding friction on the shearing faces, as in Figure (5 . 6b), at 2 kb 
pressure . But at higher pressures a "yield" drop followed by plastic 
strain hardening under pressure is most unusual , and suggests the develo~­
ment of some kind of discontinuous fractures . Hot pressed ~~O made by 
the Rice process (Rice 1963) has been found to fail by intergranular 
fracture even at 1200oC, when sintered Mg O compacts were ductile (Copley 
and Pask 1965a) suggesting tha t these pressurised specimens may have 
deformed at least in part by fracturing ( i e . by cataclasis) . Two further 
observations support this view as follows :-
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a ) When a specimen was strained incrementally in the ' ductile ' 
range an oblique white opaque zone formed approximately parallel to the 
shear- fracture planes in the brittle specimens, as shown in Figure (5 ·7a) . 
With increasing compression the zone widened, dividing the specimen into 
two undeformed transparent parts separated by the deformed zone (Figure 
5. 7b) . Fi nally , when all the undeformed material had been consumed the 
specimen began to barrel out in a ductile manner (Figure 5.7c) . 
b) When the deformed specimens were removed from the apparatus 
they would disintegrate completely into a fine white powder when the 
jacket was removed . 
This occurred in all the ductile specimens , even when no coherent 
shear plane was apparent (apart from the behaviour described above) . 
Microexaminations of the powdered residue showed that fracturi ng between 
the grains had occurred , resulting in complete inter~ranular disag regation, 
as shown in Figure ( 5. 8a)(1) . Cleavage fractures in these grains were not 
positively identified , because of the fine grain size . The crystals were 
examined in transmitted light , spread on a glass slip and immersed in oil 
of lower refractive index than the 1~0 , which revealed the shapes of the 
grains but not the amount of detail on the surfaces usually visible under 
reflected light . Some evidence of rumpling of the grain surfaces , and 
possibly a short cleavage crack are visible in a grain viewed at higher 
(1) Specimen HP23 , deformed 10% at 8 kb pressure in a rubber jacket . 
The grain size had been increased to approximately 80 1l by further 
o heating f or 3 hours at 1500 C. The stress- strain curve Vias 
"ductile", as in Figure (5· 6b). 
power (x600) in Figure (5.8b). Attempts to etch-up these deformation 
bands were unsuccessful . 
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From the evidence of Fi~es (5.7) and (5. 8) and from deformation 
experiments described below in the section on "brittle-ductile transition", 
one may conclude that the hot pressed specimens deformed plastically by 
only a small amount beyond the elastic limit , and that deformation beyond 
the "yield" drop proceeded principally by intergranular fracture . 
It was not possible to distinguish between the fractures produced 
during unloading (Heyne's stresses), described by Paterson (1963), and 
fractures produced under pressure, but the present evidence sug~ests that 
the gr ain boundaries of hot pressed (Rice) ~~O must be exceptionally weak. 
There is evidence of small residual quantities of Li and F in this type 
of material (Copley and Pask, 1965b ) (see Appendix I) and these elements 
may either strengthen the gr ains by solid solution effects or weaken the 
grain boundaries by segregation there. No hardening of the grains by Li 
or F as solutes has been detected (Copley and Pask, 1965a) , but segregation 
to the grain boundaries may occur . Both Li and F are beyond the range of 
current X-ray microbeam analysers , but Day and Stokes (1966 ) have found 
fine porosity in grain boundaries of similar hot pressed compacts which 
they ascribe to "evaporation" of segregated unidentified impurities 
during annealing at 2000oC. There is a case therefore, for assuming 
segregation of impurities to the grain boundaries, with embrittling 
effects . 
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Discussion of Results of Room Temperature 
Experiments. 
1. General Discussion. 
Investigations of the mechanical behaviour of po1ycrysta1line MgO 
are usually confined to hi~h temperatures at atmospheric pressure because 
ductile behaviour does not commence until at best 8000 C in compression 
(possibly 10000 to 12000 C, depending on method of manufacture) (Hulse et 
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a1. 1963; Copley and Pask 1965a) and in tension not until 17000 C to 22000 C, 
when slip on many systems typical of face-centred cubic metal structures 
becomes possible (Day and Stokes 1966). At room temperature and atmos-
pheric pressure the present materials had fracture strengths between 
2 ,500 and 5,000 kg.cm-2 similar to the strength of 1~0 previously investi-
gated in compression (e. g . Hulse et al. 1963), but under pressure both 
strenf' th and ductility increased rapidly, and Vlere strorlGly influenced 
by the three parameters of confining pressure, grain size and jacket 
material, to an extent not previously reported. 
It is difficult to separate the effects of confining pressure and 
jacket material because no tests could be made without a sealil~ jacket. 
If it were possible that the presence of even the weakest jacket (e. g . 
a single layer of latex) could induce strencthening, then the effect of 
confining pressure mi 'ht simply be a reflection of the strengthening 
effects of pressure on the jacket, when this was an elastomer (Paterson 
1964b), but it is difficult to envisage the latex jackets having 
significant strength above 5 kb pressure because they absorbed kerosene 
and became swollen and weak and very easily ruptured. The strength of 
copper is known to be little affected by confinine pressure (Paterson 19b4a ; 
and Appendix III) yet again a large pressure effect was found with copper 
jackets (Table 5.1). The jacket effect was als o anomalous because the 
increment of strength caused by for example, the rubber jackets, 
represented a far larger increment of load on the specimen than that 
carried by the jacket itself. (The load carried by the jacket was always 
subtracted from the total load on the specimen before the stress- strain 
curves were calculated), and the increase in strengt h due to rubber 
jabkets compared with latex jackets was independent o~ YTessure and of 
grain size. 
The grain-size effect resembles that found in metals (Petch 1953) 
but is much more pronounced than that found in MgO at low pressures by 
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Vasil~s et ale (1964) and Day and Stokes (1966) . The strengthening effects 
of jackets, confining pressure and grain size appear to be additive, which 
does not suggest any direct interaction between them. 
The confining pressure itself had a strengthening effect both on 
the yield and flow stresses, increasingly with increasing deformation, 
as shown in Figure (5.9) for coarse- grained MgO . The effect increased 
linearly with pressure, ie . the rate of workhardening also increased with 
pressure , which was an unusual effect considering that the applied 
10 -2 pressures amounted to 10 dynes cm at most , while the elastic nodulus 
12 2 was about 10 dynes cm- , and dislocation structures would be little 
affected under these pressures. These features were characteristic of 
all the three types of material investi ,'ated (see Figures (5·1), (5· 3) 
and (5. 6)) as summarised in the yield-stress vs pressure curves plotted in 
Fi~ure (5.10). Here all the curves have similar slopes, little affected 
by grain size or jacket materials, and the pressure effect is constant . 
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(It should be remembered, however , that the difference between the latex 
and rubber-jacketed hot pressed specimens disappears above 3% strain. 
The relation between flow stress 0 and pressure, (03) thus has the 
form 
o K + 
where K is a constant and k is the slope of the curve. The constant 
K is the sum of the independent variables of composition, grain size and 
sealing jacket, and k is a function both of pressure and of strain, as 
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shown in Fieure (5.9), but in a more, complicated manner than the components 
of K because the slope of the flow- stress vs. pressure curves increase 
with strain. 
In the following sections a more detailed examination will be made 
of some of the components of the above strength-pressure relation through 
their effects on the brittle-ductile transition, the slip involved in 
deformation, the effects of grain size, and the influence of microfractur-
i ng on workhardening , in an attempt to explain the pressure effect. In a 
later, separate section, the discussion will be extended to the effects of 
temperature on these pressure effects . 
2 . The Brittle-Ductile Transition. 
Mechanical aspects 
Although high confining pressures usually do not affect the yielding 
and plastic flow behaviour of ductile crystals very much , large effects 
are produced on the fracture strength of brittle materials. Usually the 
brittle fracture strength increases rapidly with increasing pressure until 
a limiting pressure is reached where the material becomes ductile. This 
strengthening effect has been found in many rocks and minerals, such as 
marble and limestone (Grie~s 1936; Paterson 1958) and in other materials 
(Nadai 1950; Bridgman 1952). A similar pattern of behaviour is followed 
by polycrystalline magnesium oxide, (see Figures (5.1), (5.3) and (5. 6)). 
Pressure also affects the mode of fracture (Jaeger 1962 p.154) as 
shown in Figure (5.4). At low confining pressures longitudinal tensile 
cracking occurs due to the constraints of the compression platens on the 
ends, but quite moder~te confining pressures prevent this, and failure 
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then occurs by shear on a single plane at angles varying about 45
0 
to the 
compression axis. This behaviour can be explained in terms of the Coulomb-
Navier theory (Nadai 1950 p.219) which has been successfully applied to 
many brittle fracture problems in rocks (Paterson 1958; Heard 1960) . 
At still higher pressures ductile flow occurs without shear failure, 
usually at a fairly constant yield stress, but in this respect magnesium 
oxide does not follow the usual pattern, but maintains an appreciable 
pressure-dependence of yield strength. 
In the brittle region the angle tha t the shear fracture makes with 
the axis of compression usually coincides with the angle which the Mohr 
envelope makes with the stress axis (Jaeger 1962) . This criterion does 
not appear to apply to tests made at zero pressure, where the fracture 
is parallel to the loading axis (see Figure 5.4), resulting in an apparently 
zero value of the "coefficient of internal friction", according to the 
Coulomb- Navier theory. When the Mohr diagram for these results is plotted, 
however , as in Figure (5. 11 ) it appears that the strength at zero pressure 
is consistent with a constant value for the "coefficient of internal 
friction" in the brittle range. 
The Mohr theory relates the shearine stress ~ and the normal 
stress cr on the shearing plane by the expression 
n 
I = 1""0 + an tan ¢, 
where \' 0, the intercept at zero normal stress, represents the "cohesive 
strength" of the material , and tan ¢ 1-1, the "coefficient of internal 
friction". The normal stress across a plane increases much faster than 
the shearing force as the following equations show :- (Jaeger 1962) 
the shearing stress ~ 
and the normal stress crn l (cr1 + cr3) + t (cr1 - cr3) cos 2 ¢ 
15 4 
where cr1 , is the axial total compressive stress, cr3 the confining pressure 
and ¢ the angle which the plane of the crack makes with the principal 
stress axis. This explains why the fracture stress increases so rapidly 
with pressure . 
The relation between the normal and shear stresses on any plane 
lying at an angle to the principal stress cr1 may be represented by a Mohr 
circle drawn between cr1 and cr3 marked on a horizontal stress axis, as 
shown in Figure (5.11). When a series of Mohr circles is drawn representing 
a range of pressures, the curve enclosing the circles is the Mohr envelope, 
which represents the limits of strength , whether brittle or ductile, for 
the material under the applied pressures. The tangent to the envelope at 
any point makes an anble ¢ with the abscissa, which in the brittle range 
usually lies near the angle of shearing failure in the specimen, and 
tan ¢ = 1-1, the "coefficient of internal friction", which usually lies between 
0. 5 and 1 for brittle shear failures , In fully ductile materials the 
slope of the envelope usually becomes nearly horizontal (ie. no strengthening 
occurs under pressure) and tan ¢ ~ 10- 2• (Paterson 1964a; Griggs 1936; 
Bridgman 1952). Intermediate values of tan ¢ are frequently taken to 
indicate partial f r acturing without formation of a coherent shear failure 
(Jaeger 1959 ; Handi n and stearns 1964 ; Paterson and Weiss 1966) , but 
these interpretations do not consider the effects of crystallographic 
strain hardening nor the influence of grain size on the strength of 
ductile materials , and the physical interpretation of the slope of the 
Mohr envelope cannot, in our opinion, be explained simply in terms of 
fracturing alone . 
Mohr envelopes were constructed for each of the five sets of data 
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for fracture stress and yield stress in Tables (5.1), (5 . 2) and (5.3) as 
described above , except that compressive stresses were plotted as positive 
instead of negative as is usual practice , (Jaeger 1962) . Typical Uohr 
envelopes for fine- and coarse- grained MgO are shown in Figure (5 . 11) . 
These differ from the usual shape in having two linear sta£es; the brittle 
fracture condi tion has a steep slope near the origin of the stress axes, 
and the ductile condition has a lower slope at higher pressures. Usually 
the Mohr envelope describes a smooth curve from near the origin, tending 
to become parallel to the abscissa or, if the Couloflb- Navier condition 
of slidinB friction applies (Nadai, 1950 , p . 219) the part representing 
fracture is linear, with a steep slope as Figure (5 . 8) , but curves away 
smoothly tending parallel to the abscissa at hi.c:>;her pressures . 
In Figure ( 5.1 1) the fracture stresses of brittle specimens are 
plotted at low pressures and the yield stresses of ductile specimens at 
higher pressures . In the transition zone between, a certain amount of 
plastic flow occurs before fracture , and it is shown in these constructions 
that the yield conditions for brittle specimens (broken circles) falls on 
the "yield tl part of the envelope, while the fracture conditions simultan-
eously fallon the "brittle" part of the envelope . Since an extension 
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of the "yield" envelope would lie above the "brittle" envelopes, this 
sugpests that general yielding does not occur at pressures below the point 
of intersection of the two parts of the envelope - ie. below about 1 to 1.5kb 
pressure, and that fairly uniform yielding must precede fracture at pressures 
above this range . 10cal inhomogeneous deformation below the macroscopic 
yield stress could initiate cracks (Suits and Chalmers 1961 ) but macro-
scopic yielding represents more homogeneous deformation (Orowan 1949). 
Small amounts of plastic deformation have been observed in polycrystalline 
JvIgO fractured at room temperature and atmospheric pressure (Hulse et a1. 
1963), and at low confining pressures in the present experiments. 
From these diagrams the slope of the Mohr envelope, tan ¢ and the 
"cohesive strength" Y (ie. the intercept with the ordinate) were obta.ined 
o 
for both the brittle and ductile conditions. This data is summarised in 
Table (5.4) for the five combinations of material and sealing jackets in 
the present experiments . 
Table (5.4). Summary of Cohesive Strengths ( ' 0) and Coefficients 
of Internal Friction (~ = tan ¢) in Polycrystalline 1~0. 
Material and '""t" 0, kb tan ¢ 
Grain Size Brittl! Ductile Bri ttle Ductile 
1(1) R 2) 1 R 1 R 1 R 
Norton(500~) - 0· 9 2.4 2 . 2 - 0. 62 0.1 3 0. 26 
Sintered (30~) 1. 2 - 2. 4 - 0 . 62 - 0. 26 -
Hot Press. ( 1 5~) 0. 8 2 .1 3· 5 4. 6 1 • 1 0 . 67 0 . 26 0 . 26 I 
(1) 1 1atex jackets (2) R = Rubber jackets. 
As the Mohr envelopes of Figure (5 . 11) suggest, I was always 
o 
smaller in brittle specimens than in ductile specimens, and the slope 
of the envelopes was always smaller at hi ;h pressures because flo"l stress 
was less sensitive to pressure th~n fracture stress . The coefficient of 
internal friction I-< was surprisingly constant throuthout the range of 
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mA.terials in both the brittle and ductile conditions (extreme values Vlere 
found with latex jackets only, in which some scatter mi ~ht perhaps be 
expected), and f-' was therefore independent of both -rain size and jacket 
materials, as su Jested by Figure (5 . 10). The shear an,'le ¢ 6: 300 ar"rees 
fairly well with the experimental observations (e . ;. see Fi~ure (5 .4», 
and is similar to the shear an:.'le corrraonly found ir many brittle cer? ics 
and rocks under pressure. 
The values of 't' were also fairly constant in the brittle ran 'e 
o 
with the exception of the hot- pressed specimens in rubber jackets, but 
in the ductile condition the hot pressed material had almost double the 
cohesive strength of the ot'ler materials . On ' a priori ' Grounds one 
would expect ( 0 to increase with refinement of ::>rain size (see Vasilos 
et al e (1964), and Fivures (5. 1) , (5 .3) and (5 .6» , assuming that ~ o 
bears some relation to yield strength . Such strengthening is shown in 
the rubber- jacketed specimens , where Y almost doubles between the 
o 
c08rse- ;r,:lined specimens and the fine- ITa in hot pressed specimens , but 
specimens in letex jackets appeared to be stronger only in the ductile 
condition , which suggests that the first shocks of fracturing may have 
puctured the l atex jackets to cause catastrophic failure before the full 
shearing strength had been developed . 
159 
Shearing Fricti on . 
The fracture stresses quoted in Tables (5.1), (5 . 2) and (5 . 3), 
whether preceded by yielding or not, do not necessarily represent the 
simple Coulomb- Navier condition of steady sliding on a shear fracture . 
The yield stress, or the maximum stress in a brittle specimen , may occur 
at a much higher stress than that required to cause translation across 
a sheared plane. This condition is shown at pressures of 0. 5 and 2 kb in 
Figure ( 5. 6b), where the stress falls rapidly from the elastic limit to 
a steady, lower value which represents shearing on the plane of the 
fracture. When a shear fracture has been developed at low pressure the 
true coefficient of internal friction can be measured at higher pressures . 
This was done for three hot pressed specimens (liP 48 , liP 49 and liP 54) 
and two coarse grained specimens PN 38 and PN 72, grain size approximatel y 
0 . 5 mm. , deformed in rubber jackets . The axial shearing stresses (°1 - °3) 
are compared with the fracture- and yield- stresses of Tables (5 · 1) and 
(5 . 3b) (rubber jackets) in Figure (5 . 12) . The shearing curves lie below 
t he fracture curves at low pressures but become stronger than the yield 
curves when they enter the ductile range, i~ . at high pressures shearing 
gives way to more general deformation, particularly in the coarse- grained 
specimens, in which perceptible plastic bulgi ng was found after test . The 
slopes of the shearing curves are similar to those of the corresponding 
fracture curves, and this is confirmed by the values of the coefficient of 
internal friction . ~ may be obtained directly from Figure (5 · 12) by 
measuring the angle ~ which the curve makes with the pressure axis, when 
tan ¢ tan if (Raleigh and Paterson 1965) 
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The slope of the shearing curve of the hot pressed specimens was 680 ; 
hence tan tjJ 2. 60 and 0 . 7 ~ = tan ¢ (hot pressed) = 0.685 . Similarly, 
tan yV for the coarse grained specimens was 2 . 41 and the corresponding 
coefficient of internal friction was ~ = 0 . 65 . In both cases ~o was 
0 . 4 kb . These values of ~ are very similar to those for brittle fracture 
in Table (5.4}, but the "cohesive strength" '"r' 0 in shearing was much 
smaller than for fracturing (column 2 , Table (5 . 4)). Two conclusions may 
be drawn from these results :-
1) the coefficient of internal friction for fracturing was 
independent of grain size, jacket material, or the state of development 
of the fracture, ie. whether just crowing (Table 5.4) or well developed 
~resent shearing data). 
2) in a well developed shearing zone the cohesive strength ~o was 
independent of grain size, but in the early stages of the growth of the 
fracture, \" 0 increased with decrease in grain size. This may be inter-
preted as showing 
a) that the growth of the fracture was controlled by crystallographic 
factors, e . g . the initiation of micro- cracks by plastic flow (Westwood 1961; 
Clarke et al. 1962; Stokes and Li 1963ah a process which is strongly 
influenced by grain size (Petch 1954), and 
b) the process of sliding on a well developed shear plane was not 
influenced by grain structure and the cohesive strength approached a steady 
low value which was near the critical shear stress of the {110) <110) slip 
systems (ie. 400 to 500 bars). (~lere is probably no siGnificance in this 
coincidence of numbers). 
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Friction in the ductile condition 
The continuous increase in flow stress with increasing amounts of 
deformation has been shown to have a linear dependence on pressure similar 
to the yield stress (Figure (5.9», and the slope of the curves, tan ~ , 
increases TIith strain. The linear relation between flow stress and pressure 
was found in all materials and test conditions. Values of tan ¢ for each 
set of compression tests were therefore calccllated by the method of Raleigh 
and Paterson (1965) and are listed below. 
Table (5.5). Effect of plastic deformation on tan ¢. 
Material Jacket (1) tan ¢ Plastic Deformation 
Yield 5% 1<Y~ 
Coarse grained L 0.1 3 0 .28 0 · 33 
R 0 .26 0·35 0.41 
I 
Sintered L 0.26 0 . 42 -
Hot Pressed R 0 . 26 0.41 0.40 
L 0. 26 0 . 41 0.41 
(1) L latex jackets, R rubber jackets . 
As the stress strain curves sucgest, the values of tan ¢ increased 
with s~rain and with reduction in grain size, and also possibly when using 
rubber jackets (in the coarse-grained materials) above the values of tan ¢ 
at the yield stress, to a steady maximum of approximately 0·4 at all grain 
sizes. This value for the "coefficient of internal friction" in plastic 
straining was extremely high, equal to two thirds of the coefficient for 
shearing on a coherent transverse fracture (Table 5.4, and page1b1) above. 
We can only conclude that either very intensive strain hardening occurred 
under pressure, or that considerable internal fracturing took place during 
deformation. Evidence for partial fracturing exists in the "yield" drop 
found in hot pressed specimens even at 8 kb pressure . A drop in load is 
characteristic of a brittle material fracturing under pressure, although 
recovery and subsequent work hardening is also characteristic of ductile 
materials . It is often stated, however, that a brittle material will show 
a drop in load in the presence of fracturing only when the applied hydro-
static pressure is less than its uniaxial compressive strength at zero 
pressure (Orowan 1960). This leads to the conclusion that the hot pressed 
1~0 had a compressive strength in excess of 8 kb , or that the grain 
boundaries were very weak . If the cube-plane slip systems were in opera-
tion at high pressures, then shear stresses in excess of 8 kb would be 
expected to operate in some grains, which would be quite sufficient to 
fracture gr ain boundaries particularly if they contained segregations of 
impurities (Day and Stokes 1966). 
Crystallographic Aspects of the Brittle- Ductile Transition. 
163 
It is usually assumed that brittle materials become ductile under 
high confining pressures because the hydrostatic pressure provided a 
compressive stress across incipient cracks (micro-cracks) which acts to 
neutralise the tensile forces tending to propa!:'ate the micro-crack to a 
critical Griffith size. Thus, at a certain limiting pressure the shear 
stress required to propagate the cracks is never reached and the specimen 
becomes ductile. The degree of ductility then depends on the number and 
kind of deforn~tion mechanisms available, and it is characteristic of the 
deformation of many "brittle" materials under pressure, that non- homo;eneous 
hiGh energy processes such as kinking and twinning frequently occur. 
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In polycrystalline b~O, ductile behaviour occurs at quite moderate 
confining pressures when the yield stress is t wo or three times higher than 
at atmospheric pressure. We know that under normal conditions homogeneous 
deformation in MgO is not possible by the operation of the dodecahedral 
{110} (110) systems alone (Groves and Kelly 1963), and it is necessary to 
determine wha t alternative processes could opera te. Among the possible 
modes of deformation which mi{'ht be expected are:-
a) kinking of the type found in <111) -oriented crystals, or 
twinning, or 
b) the operation of additional independent slip systems to provide 
the five independent systems required for Taylor ductility. 
This occurs at elevated temperatures (e. g . Hulse et al e 1963, 
Day and Stokes 1966) or under conditions of explosive shock 
(Klein and Edington 1966), or 
c) development of non-propagating inter- or intra- granular cracks 
(cataclasis), (Borg 1960). 
Even in the most brittle metals it is considered that some local 
plastic deformation oc curs before cleavage fracture (Orowan 1949; Cottrell 
1953), and small amounts of slip have been observed in brittle polycrystalline 
magnesium oxide at atmospheric pressure (Hulse et al e 1963; Stokes and Li 
196 3~, and in lithium fluoride (Scott and Pask 1963). A comparison of the 
deformation systems operating in the "brittle" and the "ductile" pressure 
range of the present tests, should therefore establish whether the 
ductility induced by high confining pressures was a truly homogeneous 
(Taylor) ductility or whether only a pseudo- ductility involving partial 
fracturing was attained. 
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Examination of Slip Traces . 
In very lightly deformed MgO the active slip systems may be revealed 
by etching , but in more heavily deformed specimens etch-pitting does not 
develop very well and it is preferable to observe the slip traces which 
appear on suitably prepared surfaces during deformation . 
The slip systems in three coarse-grained specimens were determined 
by this method . One specimen had fractured after small strain at 1 kb 
pressure, a second was strained 4% at 2 kb, just above the brittle-ductile 
transition, and a third was strained 3. 5% at 8 kb confining pressure . 
Before testin -', each specimen was ground longitudinally with a flat 
approximately 3 rom. wide, which was prepared for microexamination by 
polishing in hot orthophosphoric acid . 
Examination of slip traces on the surface was preferred to the method 
of sectioning and etching because deformed specimens suffered extensive 
fracturing when sliced with a diamond saw and when polished in hot acid. 
In other specimens, moreover, where the development of slip was 
followed during incremental strain tests, sectioning was not possible. 
In the ductile condition it is hardly possible that less slip systems 
would operate inside the specimen than at the surface although the reverse 
condition might occur. 
a) Identification of slip planes 
The orientations of the slip traces and cracks on the polished 
surfaces were measured under a reflecting microscope fitted with a rotating 
stage. The crystallor raphic orientation of each grain was then determined 
by the Laue X-ray back-reflection technique, in conjunction with a Greninger 
chart as already described above for ( 111) crystal analysis (Barrett 
1952 p .1 86) . Individual grains were selected under the microscope and 
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mounted tl in situtl in a special jig which fitted onto the X-ray machine . 
A thin lead screen with a hole i mm. diameter, placed over the grain, served 
to confine the incident beam to the selected crystal . 
A Philips fine - focus tube with tungsten radiation was used, requir-
ing exposures of 4 to 8 hours to produce films of sufficient density . 
As an example of the method a stereographic projection of the surface 
of gr ain 2 , specimen N 10 , Table (5.8), is shown in Figure (5.1'~), with the 
l oci of the trace normals drawn as diagonals of the circle . The correspond-
ing photograph of the gr ain surface is shown in Figure ( 5.1 4). The 
positions of the crystallographic poles as determined by X- ray analysis 
faJ l on, or very near to the diagonals , and the active slip planes were 
thus identified as two pairs of conjugate £110) planes and one t100} plane . 
The set of parallel cracks seen in Figure ( 5.1 4) lay parall el to trace 4 
and were therefore {110J - oriented . 
Identification of the planes upon which slip had occurred was 
remarkably unambiguous . The compression axis of the specimen was marked 
on the X- ray film in situ , and when the compression axes of the plots of 
the grain orientation and the slip trace normals were superimposed , very 
little rotation was required to match them. 
The orientations of the grains and the types of slip systems 
operating are listed in Tables (5. 6) , (5.7) and (5.8). Since only two 
types of slip system were usually expected in the NaCl structure 
(Huntington et al . 1955; Pask and Copley 1963 ), and the slip direction 
in all known slip systems is (11 0) (Kear et al . 1959; Klein and 
Edington 1966 ), the identification of the slip plane was considered 
sufficient to identify the slip system. The orientation of cracks was 
also recorded as a further check on the match between stereographic plots 
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Figure ( 5 . ~..2) Ori Jlta iOI1"'; or t~ralll'" e amilHd for ~lip tra e- . 
of the X-ray data and the slip traces. The orientations of the grains 
were fairly random, as shown in Figures (5.15 a,b), except that grains 
near the <111) orientation were not exarrined because they did not 
polish in orthophosphoric acid (Bowen 1963)· 
b) Discussion 
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From a microscopical examination of the deformed grains , there Vlere 
no obvious differences in appearance, apart from differences in the numbers 
of cracks , between the li ~htly deformed ductile specimens and the brittle 
specimen. Most of the grains examined (numbering several dozen in each 
specimen) contained at least four sets of slip traces, and in some, five 
or even six sets. The analysis of the slip traces showed however , that 
grains in the brittle specimens contained on average four sets of slip 
traces whilst grains in the ductile specimens contained five sets. 
Only two or three sets of traces were usually strongly developed through 
the grain even in ductile specimens, as Figure (5.16a) shows. Other sets 
formed locally in small groups to relieve inhomogeneous strains, as shown 
in Figure (5 . 16b), (grain 4, Table (5.S). The most important differences 
between ductile and brittle specimens lay in the presence of one or two 
cube-plane slip systems in many gr ains of the ductile specimens, whilst 
Q2 cube-plane slip was found in the brittle specimen. The number of grains 
examined was too few to provide statistically siFnificant counts of the 
type of slip systems operating , but the consistent absence of cube-pl~~e 
slip in the brittle specimen did confirm that the two independent slip 
systems which the dodecahedral slip systems provide were insufficient to 
render the specimens ductile under confining pressures of 1 to 1.5 kb. 
.. 
Figur S lip tra 
· (a) I niforrn ,>lip in a 
group of grain • 
(b) Ingomogeneous slip 
in grain 4. 
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Kinked grain (grain J) . 
:,; ill graill~ of ::-p cirn(n '\ 10 (Table 5 . ). 
o for illed OJ. "i% It 8 kll . pr ~""Ilt 
Compr s:,;iOJ1 <1\..1 ... horizoJ1tal. 'Iagnil'i cation x 1')0. 
Additional slip systems began to operate fre quently enough to provide 
ductility only when the yield stress was r aised (above 2 kb co~~ining 
pressure ) to about doubl e the fracture stress at atmospheric pressure . 
This demonstrates that the confining pressure promoted ductility by 
enabling t he applied stress to be raised to levels at which new slip 
systems began to operate . 
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On a simple calcula tion of resolved shear stress it would be 
impossible for cube- plane slip to occur - e . g . suppose an axial stress of 
15,000 kg . cm- 2 were applied (see Figure (5 . 1) ) , then the maximum resolved 
shear stress would amount to only half this (7 , 500 kg . cm- 2) which is only 
about one third of the estimated strength of the {100) 0 10) slip systems 
at room temperature (Hulse et al . 1963; Figures (4. 1) and (4. 2) ). 
Qbviously in a polycrystal the constraints imposed by surrounding grains 
must cause large variations in strain between different parts of the grain, 
involving very large stress concentrations (Scott and Pask 1963) . Cube-
plane slip might therefore be induced under pressure even in some parts 
of a brittle specimen , but the principles of homogeneous strain would not 
be fulfilled . On the other hand, although some cube- plane slip was found 
in the ductil e specimens , few of the gr ains appeared to contain five 
independent slip systems, which would involve the operation of three cube-
plane systems (Groves and Kelly 1963) . Only in crystals oriented with 
one cube- plane parallel to the surface, should one pair of t 1OO} (110) 
slip systems remain undetected . At least two [100} slip traces should 
therefore have been visible in all gr a ins to promote ' Taylor ' ductility . 
We conclude that either 
1) supplementary slip systems may operate locally and on too 
fine a scale to be observed (Boas and Hargreaves 1948), or 
2) less than five systems may be necessary if the deformation 
is non-homogeneous (Barrett 1952), or if non-homogeneous 
processes operate (Tegart , 1964), or 
3) the presence of a free surface renders five independent slip 
systems unnecessary, or 
4) some fracturing occurred. 
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The operation of supplementary systems on a fine scale has already 
been observed in the reaction between oblique {110} (110) dislocations 
in single crystals to produce t112) (110) dislocations which were mobile 
under pressure (see Chapter 3). Once formed, the {112} disloca tions could 
operate as independent systems on twelve planes, and at slightly elevated 
temperature they were found to operate on a very fine scale in the 
<111) -oriented crystals (Chapter 4) . On the other hand, one would 
expect the mode of slip to chan~e from a strongly planar character 
(ie. straight slip traces, as in Figure (5.1b» to a more diffuse wavy 
appearance, which was not observed at room temperature except in single 
crystals (Chapter 3). 
Well developed kink bands were found in the ductile specimens, as 
shown in Figure (5.16c) (grain 3, Table (5.8». These occurred at a hiCh 
angle to the direction of the applied stress with the active kinking 
system on a {110) plane, lying near to the axis of the applied stress. 
Sometimes three or four parallel kinks formed through the same grain. 
The accommodation stresses associated with kink bands frequently caused 
large ~ 10} -plane cracks to form, as seen in Figure (5.16c). The amount 
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of kinking was sma~l and too irregularly spread to provide more than very 
local accommodation of stress, and kinking cannot therefore be considered 
as a deformation process freely available throughout the aggregates . 
In the brittle specimens nearly all the grains contained several 
cracks , and in the ductile specimens a small proportion did also . Cracks 
in ductile specimens were usually short and fine, or appeared as single 
irregular cracks across the grain. Tables (5 .7) and (5 . 8) list only the 
planes of the observed cracks not the frequency or degree of cracking; 
the amount of cracking is therefore understated in the brittle specimen 
and overstated in the ductile specimens. The exact stage of the test at 
which these cracks develop is very difficult to determine. The fine 
irregular cracks in Figure (5 . 16a) almost certainly arise from the release 
of Heynes ' stresses after deformation (Paterson 1963), and some of the 
finer cracks in Figure (5 . 16c) may also be post- deformation cracks . On 
the other hand, the locked- up stresses in kinks are extremely high even 
after test in the <1111 - oriented single crystals (Chapter 4), and the 
shear stresses on dislocation pile- ups may have been sufficient to open 
cracks under pressure(1) . In fractures where large translations of the 
surfaces had occurred the possibility exists that cracks were formed 
during deformation under pressure . This may have occurred in associati on 
with the kink of Figure (5 . 16c) (lower half), possibly in Figure (5 . 14) 
and almost certainly in Figure (5.17) . Here the surface of the lower grain 
was heavily distorted by a number of kinks which lie NE- SW in the Figm'e. 
The axis of rotation in the kinks lies near the plane of the illustration 
(1) This will be further discussed in the section on microfr acturing . 
Table 5.6. Slip Traces in Polycrystalline Specimen P 3 (Fractured at 
1 kb confining pressure after 2% plastic strain). 
Grain Orient ation Slip Systems Cracks (1) 
No . degrees from t110) <11 0) [100} <110) {110} {1001 
{001} ( 001} - ( 011} Conjugate Oblique 
1 12 8 2 1 N.D. 2 N.D. 
2 22 8 2 1 
" 
2 N.D. 
3 28 4 3 N.D. " 
1(2) 1 
4 28 16 1 2 " 1 1 
5 31 2 2 N.D. " 1 1 
6 31 19 1 2 " 1 1 
7 31 19 1 2 " 1 1 
8 32 14 1 2 " N.D. 2 
9 37 2 2 N.D. " 1 1 
10 40 22 1 2 " 2 1 
N.D. means "not detected". 
1) All gr ains contained cracks, although little intergranular 
cracking was observed. 
2) Non-crystallographic, lying near {1101. 
r 
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Table 5.7· Slip Traces in Polycrystalline Specimen P 16. 
(Deformed 4% at 2 kb confining pressure). 
r 
Grain Orientation Slip Sustems Cracks(1) 
No . degrees from {110} <110> {} OO} <11 0) {110} {j 00} 
-l001} [ 001} - {011} Conjugate Oblique 
1 10 8 N.D. 3 2 (2)1 1 
2 13 4 1 2 1(2) N.D. 1 
3 24 11 2 1 N.D. 1 2 
4 25 8 2 1 N.D. 1 2 
5 26 2 2(3) 1 1 N.D. N.D. 
6 26 20 1 1 1 1 2 
1 21 13 2 1 N.D. 2 N.D. 
8 32 20 1 2 1 2 N.D. 
9 35 10 1 1 2 2 1 
10 38 19 1 2 1 1 1 
11 43 10 2 1 N.D. 3 N.D. 
12 45 20 2 1 N.D. 1 N.D. 
N.D. means "not detected". 
1 ) Cracks lie more than 50 from the {110J plane, and appear to be 
an array of accommodation cracks. 
2) Cube traces uniformly distributed. 
3) One of the conjugate {110) (11 0) sets formed a kink system. 
......III ..... ;....w 
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Table 5. 8. Slip Traces in Specimen N 10. 
(Deformed 3.5% at 8 kb confining pressure). 
Grain Orientation Slip Systems Cracks(1) 
No. degrees from {110} (110) t 100} ( 110) [110} j£100} 
{ 001} {001 }- ( 011} Conjugate Oblique 
1 8 5 2 N.D. 1 1 1 
2 27 18 2 N.D. 1 1 N.D. 
3 30 22 1 2 1 1 1 
4 35 20 N.D. (1) 3 1 1 1 
5 35 26 1 2 N.D. 2 1 
6 38 28 N.D. 3 2 1(2) N.D. 
N.D. means "not detected". 
1) A large kink bisected the grain. The kink band boundary lay 
near a {110l plane conjugate with the active kinking plane. 
2) One non-crystallographic crack also formed. 
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rit;ure (5 . 1 7) Kinks a~~ociated with extensi~ fracturing in 
sp cimen 1 0 . Deformed 1 . 5~ at 8 kh . pressure . 
Compression a is horizontal . Magnification A 200 . 
and the active t 110} kinking planes lie near the vertical to the illustra-
tion [ the kinks were based on .(110} Z110) slip as in Fif'ure (5. 16c) J . 
A series of large cracks has developed parallel to the active kinking 
planes due to the large tensile stresses which build up in the kink band 
boundaries (Stokes et al. 1958, Orowan 1942), and large translations of 
blocks of crystal have occurred along these fractures. This fracturing 
almost certainly took place during deformation of the specimen, and this 
introduces the possibility that fracturing may occur in conjunction with 
plastic deformation in some grains. 
There is also evidence in these micrographs of the sliding of 
grains across each other at the boundaries. This is not found in MgO 
at atmospheric pressure until 12500 to 14500 C (Mountvala and Murray 1966), 
but grains become elevated or depressed below adjacent grains in 
Figures (5.14), top left corner; (5.16c), top right corner; and in 
Figure (5.17). Both fracturing and grain boundary sliding may therefore 
act, as well as kinking, to relieve local stress concentrations. 
It is a feature of these fractured grains in ductile specimens, 
that the cracks lie parallel to a single set of (110) planes, and that 
they do not propagate beyond the grain boundary e.g. Figures (5.14) and 
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The ductile grain adjoining the fractured grain of Figure (5.17) 
is well filled with fine slip traces and contains no cracks associated 
with the fractured grain. Signs of plastic accommodation of a cracie are 
visible in the centre of the boundary. Evidently some grains lay in a 
very ttnfavourable orientation for deformation within the aggregate. They 
appeared very "hard" and their "strength" must have exceeded the confining 
pressure, a condi hon which, as previously discussed (p. 163) rendered them 
able to fractUre even under pressure . This is the only condition under 
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which macroscopic cracks could grow under pressure. This does not exclude 
the formation of cracks of atomic dimensions in other grains. Crack nuclei 
of the Stroh type could very well form at the ends of dislocation bands 
(Stroh 1957; Stokes et. ale 1959) under these high pressures, because 
local stresses of the order of the elastic modulus are involved, and the 
nuclei could easily propagate during the later stages of decompression 
when the normal stresses became small. 
In the brittle specimen, cube-oriented cleavage cracks were more 
extensively developed, which suggests that gross internal fracturing of 
the grains had occurred during deformation. Little grain boundary 
fracturing was seen, and no kinking in any grains • . 
3. The Effects of Grain Size on Strength 
Polycrystalline aggregates are stronger than single crystals because 
of the grain boundaries they contain. In a single crystal, dislocations 
arriving at a free surface can emerge there freely but in a polycrystal, 
dislocations arriving at a grain boundary cannot easily cross it. A slip 
band in a polycrystal can therefore sustain a higher stress than one in a 
single crystal, and stress concentrations are produced where the slip 
bands are blocked. Plastic deformation is initiated in the next grain 
when the stress concentration at the end of the slip band gets high enough 
to activate a new dislocation source in the undeformed grain. (Petch 1953, 
Conrad 1961). 
The relation between yield stress ay and grain diameter 2d 
usually takes the form 
where ao is the 
"lattice friction" strength (i.e. the single crystal strength) and k is a 
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constant (Petch 1953). Experimental evidence from metals suggests 
1) the constant k shows little variation with temperature , 
2) k is the same for yielding as for plastic flow, 
and that both yielding and flow propagate by nucleation of new dislocations 
(Conrad 1961). 
This model also describes the yielding process in crystals with 
the NaCl structure, which occurs by a process of dislocation multiplication 
(Johnston and Gilman 1959), and the relation between grain size and strength 
is also linear according to the expression above, (Vasilos et al. 1964). 
Under pressure the grain size - yield stress relation remains 
linear and i~arient with pressure, as shown in Figure (5.18a), but at 
l arger plastic strains k increases with pressure, although it remains 
approximately linear in form, as shown in Figure (5.18b) for 5% plastic 
strain. 
Variations in k are not usually produced by temperature nor by 
plastic straining, but structural changes caused by heat treatment, or a 
change in the mode of deformation can produce large changes in k. In iron 
and chromium, for instance, k increases five fold when twinning predominates 
(Conrad and Schoek 1960; Marchinkovsky and Lipsitt 1962) and k decreases 
to a low value when fracture stress is plotted against grain size, 
(Armstrong et al. 1962). The increase in k with plastic strain and with 
pressure may therefore indicate a slow changeover from one mode of 
deformation to another after plastic yielding has begun. 
The curves of Figure (5.18a) may therefore be interpreted as 
follows 
1) A large increase in k for yielding occurred between atmos-
pheric pressure and 2 kb pressure (e. g . comparing the curve of Vasilos 
IBJ 
et ale with the present data), but k remained constant above 2 kb. This 
probably reflected the change from brittle fracture at atmospheric pressure 
to ductile behaviour at high pressures. 
2) No significant changes in mode of deformation at the yield 
point occurred above 2 kb pressure. 
3) k for flow stress increased both with the amount of plastic 
strain and with pressure . This may indicate a change in mode of deforma-
tion involving the introduction of larger amounts of strong slip systems, 
or the extension of fracturing. 
4) The constant aO for yielding also increased linearly with 
pressure as shown in Figure (5.19), and the effects of the strong rubber 
jackets and of plastic strain was to increase ao by a further constant 
increment, without altering the rate of change of ao with pressure. Both 
the rubber j ackets and plastic straining therefore had effects on ao 
similar to the structural effects found in metals - e. g . surface hardening 
(discussed in the next section) and strain hardening, but the pressure-
dependence of ao was evidently not structural in this sense. 
Clearly, also, ao no longer represented the strength of the single 
crystal MgO in the t110} <110; slip systems because this has been shown 
to be unaffected by pressure, but the possibility remains that the changes 
in ao may have represented a latent hardening effect due in small part 
to the interaction of oblique {110} <110} slip systems as shown in 
Chapter 3, but more probably due to the variation in activity of the 
{100) (110) slip systems with pressure. Although the strength of the 
cube-plane slip systems appears to be unaffected by pressure (Chapter 4), 
the yield stress (ao for {100) <110'> glide) was very hi5h, and the 
introduction of cube plane glide would require much higher stresses than 
for dodecahedral glideo 
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In metals and in many minerals an increase in cro at low temperatures 
is ascribed to the combined effects of impurity particles and of the Peierls 
stress (Petch 1953; Johnston 1962; Christian and Masters 1964), but we 
have no thermal effects in the present experiments and no large pressure 
effects were found in single crystals. The only other process which could 
affect strength under pressure was fracturing, which, if it is operative, 
appeared to affect the strength of the polycrystals through the "lattice 
friction stress", cro. The effects of microfracturing in combination with 
crystallographic slip as a strengthening mechanism under pressure is 
therefore examined in Chapter 7. 
4. Contributions of the Sealing Jacket to Strength 
In single crystals the use of rubber jackets caused an increase 
in the rate of workhardening under high confining pressures, and possibly 
also raised the macroscopic yield stress (Chapter 3). The effect could be 
eliminated by changing the shape of the specimen or by using a weak latex 
jacket, but in polycrystals, the yield and flow stresses were very strongly 
affected by confining pressure even when weak latex jackets were used 
(see Figures (5.1), (5.3) and (5.6». 
The increases in strength of polycrystals appeared even after the 
load carried by the jacket had been corrected for, and far exceeded the strength 
of the jacket itself. In addition, although latex had no measurable strength, 
and the rubber was strong only above 5 kb confining pressure (see Appendix II), 
the increment of strength between specimens in latex and rubber jackets was 
fairly constant Lunder all confining pressures, see Figures (5.10) and (5.18); 
i.e. the increment due to the rubber jackets was not very sensitive to 
pressure, and the larger effects of pressure on the strength of polycrystals 
must therefore have arisen within the MgO specimens themselves . 
Some reaction between the specimen and the jacket must occur, 
however, and by implication this must be a surface reacti on. 
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Strengthening and an increase in rate of workhardening are known 
to be produced by surface coatings and oxide films on many metal and ionic 
crystals (Kramer and Demer 1961; Westwood 1963), which is often known as 
the Roscoe effect (Roscoe 1936). Oxide films on cadmium, zinc, aluminium, 
etc. produce strengthening effects, and electrodeposited coatings can also 
cause strengthening at large strains, the amount of which is dependent 
on the thickness of the electroplate, (e.g. Gilman and Read 1952). 
In terms of dislocation theory there are three sources of 
strengthening by surface coatings on a microscopic scale :-
1) By pinning of dislocation sources which intersect the surface 
(Fisher 1954), 
2) By elastic repulsion of emergent dislocations from the 
surface (Head 1953, 1960), and 
3) By increasing the amount of work required to form a slip 
step (Friedel 1964). 
On a macroscopic scale significant elastic constraints could 
arise from 
4) Differences in compressibility between the rubber and the 
lVIgO, or 
5) Differences in Poissons ratio between them. 
Dislocation sources which intersect the surface have a lower 
activation stress than internal sources, and the strength of a crystal 
may be doubled if surface sources are locked. It is hardly possible, 
however, that the rubber jacket could be forced into a dislocation core 
by the confining pressure, although Bridgman (1 952 p .215) and Brace (1963) 
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both believe that the jacket material could become intruded into surface 
microcracks of 1 micron size or less. 
A dislocation about to emerge at a coated surface will be repelled 
if the shear modulus of the coating, ~2 is greater than that of the crystal, 
~1' Head (1953). Since the elastic modulus of rubber is only 10-2 to 10-5 
that of magnesium oxide (Paterson 1964 b and Appendix II), no impediment 
to emergence could be expected from the rubber jacket, but an impedence 
to the growth of a large slip band could arise from the work required to 
deform the jacket (Friedel 1964). 
To emerge at a surface, an edge dislocation must create a step of 
height b, which requires energy Wc = Yb per unit length (Friedel 1964 
p.46) where y is the surface energy of the crystal and b the Burgers vector. 
The rubber jacket must also be displaced, requiring an energy depending 
on its strength and thickness. Thus a back-stress will build up on the 
dislocation sotITce during deformation, causing an increase in flow stress. 
Under 10 leb confining pressure the rubber jacket, thickness 0.15 cm., 
strength 1.2 x 109 dynes per cm2 requires a force W 0.18b x 109 ergs 
r 
per unit length to deform homogeneously, compared with the force 
W = 1.2b x 103 ergs per unit length required to deform the crystal. 
c 
Obviously, the jacket will be compressed only locally when a slip step 
forms, but an appreciable back-stress on the glide plane will result. 
At lower pressures where the strength of the rubber becomes two orders 
of magnitude less, an effective back-stress will still exist even at 2 kb. 
The fairly constant increment of strength due to rubber jackets may 
therefore be explained in these terms which do not involve the "glass-
transition" strengthening above 5 kb pressure. 
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If only small forces are required at the surface to harden the 
crystal (i.e. of the order of the surface energy of the crystal), it may 
be possible for the latex jacket also to cause strengthening, but a 
strengthening effect would be expected only above 5 kb confining pressure 
in this case, and yet other mechanisms of strengthening must be involved. 
Elastic restraints at the surface can arise also from the differ-
ences in compressibility and elastic moduli between the jacket and the 
specimen. Corll and Warren (1965) have shown that when a body of low 
compressibility is enclosed in a material of higher compressibility the 
resulting stress level in the sample may become considerably higher than 
the externally applied hydrostatic pressure. 
In a perfectly spherical body the resulting stresses axe hydro-
static, i.e. higher pressures may exist in the sample than in the confining 
medium, but in a cylindrical specimen these stresses may not be hydrostatic 
because the ends are not enclosed by the jacket. Shear forces opposing 
the motions of dislocations may therefore arise. 
The compressibility of a body is the reciprocal of its bulk 
modulus K, 
thus 1 K = 
3(1 - 2y) 
E (Jaeger 1962) 
where \( is Poissons ratio and E is Young's modulus. Poissons ratio for 
rubber at atmospheric pressure is high (i.e~0.5) and E is low (Mantell 
1958, p.32-15), therefore the rubber is very incompressible, but 'f 
decreases rapidly with strain and with pressure through the glass 
transition (see Appendix II). E increases sharply through the glass 
1 transition, and therefore K must decrease under pressure. In MgO on 
the other hand, pressure has little effect on E or Y , but V rises from 
0 .1 7 in the elastic range (Lowrie 1963) to about 0.5 in the plastic range, 
i.e . in the opposite sense to V in rubber. 
At loVJ pressures therefore, the c ompressibility of rubber is about 
10-
8
, which is much greater than that of MgO and the Corll-Warren effect 
could apply, but at higher pressures E in rubber increases and ~ 
decreases to ~ 0 . 2 ; the ratio of compressibilities then becomes only 
r-J 10-
12 (in MgO) to ..-...; 10- 11 (in rubber) and the Corll-Warren effect 
would not apply to any extent . A change in the jacket effect should 
therefore appear at the gl ass transition in the rubber, but there is no 
evidence for this . 
The differences in Poisson ' s ratio between IIIgO and rubber could 
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also introduce a macroscopic constraint in the follol'iing way . The elastic 
strain at yielding in MgO is approximately 0. 2% but in rubber it is 1 to 2% 
depending on pressure (see Figure (11 . 1) , Appendix II) . There is therefore 
a range of strain where the rubber remains elastic whilst the ~IgO becomes 
plastic . Poissons ratio in the MgO will rise to A.; 0. 5 (as above) and in 
rubber will remain at ~~ 0 . 2 above the blass transition . To a first 
approximation, the constraint applied by the jacket will be equivalent 
to the force required to extend the rubber against the Poisson contraction, 
- 2 , 
which amounts to approximately 300 kg . cm for 15'0 strain. This is 
- 2 equivalent to an additional stress of nearly 350 kg . cm on the ,IgO 
specimen. 
The limitations of this hypothesis are 
a) the effect amounts to only 1/6 of the measured effect 
b) no constraint would occur belmv the glass transition pressure. 
Since the strengthening effect of the rubber jackets is independent 
of pressure above 2 kb, we conclude that it must arise from a number of 
sources, and that microscopical effects are probably dominant . 
CHAPTillt 6. 
Deformation of Polycrystalline 
~~O at Elevated Temperatures . 
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At room temperature polycrystalline I~O was forced into a form of 
plastic deformation in which the flow stress was highly sensitive to the 
applied hydrostatic pressure . Deformation appeexed to involve a complex 
balance between the weak and the strong slip systems available in the 
structure , submicroscopic crystallographic and intergranular fracturing, 
and occasional kiw(ing . Examination of slip traces showed that glide was 
almost exclusively planar - i . e . slip traces were narrow and straight and 
the transfer of glide from one slip system to another was difficult . 
Conditions of planar glide are known to produce brittleness even in 
metallic alloys, where there is an abundance of independent slip systems 
available, as mentioned in the introduction to the room temperature experi-
ments (P.1 26) (e. g . Johnston et al e 1965, etc .), and ductile behaviour is 
found only when "wavy" glide predominates . 
In MgO also, measurable ductility is only found in conjunction with 
wavy gl ide at atmospheric pressure . Hulse et al e (1963) found wavy glide 
at 1240oC, but completely ductile behaviour does not occur until 1700oC, 
which is above one half of the absolute melting point (Day and Stokes 1966 ), 
although at these temperatures brittleness may be increased by grain-
boundary sliding (Copley and Pask 1965a). At elevated temperatures we 
therefore look for a change in mode of deformation to product ductility , 
in conformity with the behaviour of other ionic solids such as LiF 
(Budworth and Pask 1963), NaCl, and AgCl (Stokes and Li, 1963 ~) if the 
propagation of simple planar glide is inadequate for homogeneous deforma-
tion without fracturing under pressure. 
The present experiments at elevated temperatures were made to 
determine whether 
a) the effects of pressure on strength persisted at elevated 
temperatures, 
b) the effects of pressure on ductility and fracturing were 
altered 
c) a change in mode of deformation was necessary for homogeneous 
deformation. 
Experimental 
Experiments at elevated temperatures were carried out in a new 
apparatus using argon gas as the confining medium, as described in 
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Chapter 2. The apparatus required the use of an impervious metal jacket 
(usually annealed copper), and in addition, it was necessary to fill the 
space between the specimen (6 mm diameter) and the copper jackets (10 mm 
diameter) with a thick-walled copper sleeve in order to prevent collapse 
and puncturing of the jacket. A large cOlwtraint therefore existed around 
the MgO specimens during tests at elevated temperatures, which may have 
contributed to the strength of these specimens (i.e., a further extension 
of the strengthening effect caused by the rubber jackets in the room-
temperature apparatus), even though the loads carried by the copper sleeves 
were allowed for when calculating the stress-strain curves (see Chapter 2 
and Appendix III). 
In addition, a large scatter of results, with unexpected brittle 
failures, was encountered in the first dozen or so experiments which was 
finally traced to the emission of volatile matter from the specimens while 
at temperature. All the specimens reported here were therefore annealed 
for 3 hours at 13500 C (i.e. the highest temperature available ~ and cooled 
to room temperature in the furnace, which removed the volatiles, placed 
all the specimens in a standard condition of precipitation, and eliminated 
the failures(1). 
After heat treatment a flat was ground longitudinally on the 
cylindrical surface, and the specimens were finally polished in hot ortho-
phosphoric acid . It is not considered that any spurious strengthening 
effect was introduced by heat treatment, such as described by Stokes and Li 
(1963a~ except for some redistribution of impurity precipitate particles. 
Strengthening of single and polycrystals by heat treatment occurs most 
dramatically only when all slip sources including surface so~ are 
immobilised by precipitates . In the present specimens, however, it was 
impossible to avoid the introduction of fresh, mobile dislocations into 
the surface by contact between the specimen and the sealing jacket or 
copper sleeve under pressure. The specimens were therefore in their 
"weakest" state in the present experiments, in that there were ample 
sources of fresh dislocations available at the surface. 
The polished surfaces of the flats used for microscopical exarnina-
tion were protected by a sheet of platinum foil 0.001" thick during the 
tests . 
(1) The volatile matter was probably introduced into pores in the specimen 
during storage or preparation, and was not removed by the standard drying 
process of 15 mins at 1500 C given to all other single crystal and poly-
crystal specimens . 
1<)0 
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Results of Experiments at Elevated Temperatures. 
Specimens were deformed between room temperature and 7500 C at 
5 kb pressure (i.e. the highest pressure available in the apparatus) and 
at 2 kb, representing the lowest pressure at which ductile behaviour was 
expected. These results are listed in Table (6.1) for 2 kb pressure and 
Table (6.2) for 5 kb pressure. These include details of the flow stress 
at various strains and the rate of strain hardening at 1% and 5% plastic 
strain, comparable with Tables (5.1), (5.2) and (5.3) for room-temperature 
experiments. 
19\ 
Although there was some scatter of results, a plot of the macro-
scopic yield stress against temperature showed a steady reduction in 
strength between 2000 C and 7500 C at both 2 kb and 5 kb pressure, with a 
decrease in the effects of pressure on strength until at 7500 C the effect 
disappeared , as shown in Figure (6.1), and the stress strain curves virtually 
coincided. Stress- strain curves for each range of temperature and pressure 
are drawn in Figures (6 .2) for 2 kb and (6.3) for 5 kb pressure. These 
curves represent the experiments lying nearest to the "mean curves" for 
yield stress drawn in Figure (6.1), and represent the typical stress strain 
behaviour under the prevailing experimental conditions, rather than a set 
of "averaged" curves from all the tests under those conditions. 
Microscopical examination of the polished surfaces were made after 
deformation. It was found that the platinum foil would peel off the 
surface quite easily after deformation , leaving them clean and ready for 
direct examination. 
r 
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Discussion 
1) Stress-Strain Curves 
The curves of Figure (6.1) show that the strengthening effects of 
pressure in "ductile" specimens disappeared between 7000 and 8000 C after a 
steady diminution from about 2000 C. This suggests by analogy that, if a 
perfectly ductile material like a metal is insensitive to pressure, then 
o the lYIgO has become ductile in the metallic sense at 750 C and at least 
2 kb pressure. It has been suggested by Hulse et al. (1963) that since 
the temperature-dependence of the yield stress for polycrystals resembles 
that for their < 111> -oriented crystals deforming on {100} <11 0> slip 
systems above 6000 c (see Figure (4.1)), then the small but increasing 
amounts of ductility found at atmospheric pressure in polycrystalline MgO 
represents the incidence of slip on {100} (110) systems above 6000 c. The 
curves of Hulse et al. (1963) for polycrystalline specimens and sip~le 
crystals with <111 ) axis are included in ?iguQ'e (6.1) for comparison. 
(The spread of the curves in Figure (6.1) appears 6Teater than Hulse 's in 
Figure (4.1) because the former has a linear stress ordinate while the 
latter is logarithmic) . 
The effects of pressure were to raise the yield stress up towards 
the strength of the <111) crystals - i.e., towards the strength of the 
pure {100} <110) slip systems. The strength of the polycrystal curve 
of Hulse lies near the 2 kb yield-stress curve for the present specimens 
at all temperatures, but the yield-curve for 5 kb pressure follows the 
<111) curve of Hulse down to 3000 C before it becomes constant . On the 
evidence obtained at room temperature it would be expected that as the 
confining pressure was increased, the yield stress curve would continue to 
'1 r 
I 
, 
I 
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rise towards the < 111 ) single crystal curve and the break in the poly-
crystal curve would occur at lower temperatures. In the present case the 
coincidence of the two curves has been lowered by about 3000C from 6000C 
(Hulse) to 3000C at a pressure of 5 kb, but without eliminating the large 
pressure effects. We therefore conclude at this point that slip probably 
occurs fairly generally on ( 100} ( 110) slip systems at the point where 
the two curves begin to run parallel, but that there is insufficient 
homogeneous deformation to prevent some fracturing . 
The stress- strain curves drawn in Figures (6.2) (2 kb pressure) 
and (6 . 3) (5 kb pressure) show how the yield stress decreases systematically 
with temperature, but faster at 5 kb than at 2 kb pressure . At temperatures 
of 3000C or higher the stress - strain curves have surprisingly similar shapes 
at a given pressure; although the rate of workhardening at 1% strain tends 
to decrease slightly with increasing temperature, at 5% strain the hardening 
rates are nearly equal (tending to be lower at 2 kb than at 5 kb), see 
Tables (6 . 1) and (6 . 2) . This again suggests that essentially the same 
deformation processes are taking place at all temperatures at and above 
000300 C at 5 kb , and above approximately 400 C at 2 kb pressure . At 100 C 
and 5 kb, and 1000 and 3000C at 2 kb pressure , however, the stress- strain 
curves have a different shape . These curves have high yield stresses but 
the flow stress increases only slowly with strain with the result that the 
specimens were weaker at 5% or 1~/o strain than specimens at higher tempera-
tures . The low rate of hardening and almost horizontal nature of these 
curves , particularly at 2 kb, coupled with an abrupt drop in load just 
after yielding in PN65 (5 kb, 1000C; Table (6.2) suggests a process of 
fracturing (Orowan, 1960), and reinforces the suggestion above, that at 
least at 5 kb pressure the specimens were becoming more homogeneously ductile 
above 3000C than they were below that temperature . 
-
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Table (6.1). Compression Tests on Coarse-Grain ~~O(1) at Elevated Temperatures 
and 2 kb pressure . 
Specimen I Temperature Yield Deforma- Stress at given plastic strain Rate of 
No . Stress tion(2) - 2 - 3 Work Hardening 
°c kg-cm x10 
-2 - 3 
- 2 -3 % 1% 3% I 5% 10% kg-cm x10 kg-cm x10 
1% I 5'70 
PN 63 100 4. 0 10 5· 3 6 . 6 7 · 3 8 . 2 72 23 
PN 62 
" 5·0 10 6 .1 7·1 7·4 7 · 8 60 11 
PN 54 II 6. 0 11 6· 9 7 · 7 7 · 9 8. 2 49 8 
PN 35 300 5. 6 11 7 · 3 8· 3 8. 8 9· 3 64 17 
PN 22 
" 5· 4 10 8. 0 9·1 9· 5 10.0 90 14 
PN 72 400 4·7 10 6. 0 6.6 7 .1 7· 4 60 10 
PN 30 
" 5· 0 10·5 6.1 6 . 8 7·0 7 · 2 65 6 
PN 37 500 3· 8 11 6. 4 8.1 8.8 9. 6 114 27 
PN 50 " 4· 5 9·5 6·7 8.1 8. 6 ND 91 12 
PN 71 600 4. 0 10·5 5· 9 7·3 8.2 9.6 94 26 
PN 56 " 4. 2 10 5· 6 7 ·1 7. 6 8 .1 90 19 
PN 64 750 3· 2 11 4· 7 I 6. 2 I 6.9 I 7.6 I 88 25 PN 69 " 3.0 3 4.0 5· 2 ND ND u8 ND 
( 1) Heat-treat ed 3 hrs 1350oC, air cool ed . 
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r Table (6 . 2 ). Compression Tests on Coarse-Grain N~O (1) at Elevated Temperatures 
.., 
and 5 kb pressure. 
(1) Heat- treated 3 hrs 1350oC, air cooled. 
Specimen Temperature Yield Deforma- Stress at given plastic strain Rate of 
No . Stress tion(2) -2 -3 Work Hardening kg-em x10 
-2 -3 kg-em x10 
°c -2 -3 kg-em x10 % 1% 3% 5% 10% 1% 5% 
PN 31 100 8·7 7 8·9 9·1 9·4 1m 14 14 
PN 58 100 8.8 10 9·3 10.1 10.8 11.9 44 29 
PN 65 100 8.9(2) 11·5 ND ND 9·9 11·5 ND 22 
200 
PN 66 300 8.0 9. 0 10 11.6 12.6 ND 90 35 
PN 19 II 9·0 16.5 11·4 13. 0 13·9 14.8 98 31 
PH 36 II 1·5 10 9· 2 10·9 11·7 12·9 93 32 
PN 39 400 1·2 12 8·5 9·8 10·9 11·9 69 44 
PN 60 II 7·5 5 9·2 10.8 11.9 ND 81 45 
PN 29 II 5·8 10 8.1 9·8 10·7 12·3 100 31 
PN 34 II 6 . 1 11 7·8 10.2 11.6 14 125 50 
PN 32 500 5·2 11 7·0 8·7 9·6 10·1 94 32 
PH 52 II 6.0 10·5 7·9 8.4 10·3 11.5 96 33 
PN 55 600 5·0 10·5 6·9 8-3 9·1 10. 4 18 33 
PN 68 II 4.6 11 6.1 7·6 8·7 10·5 18 35 
PH 33 750 3·2 10 4. 4 5·8 6.6 8.2 66 32 
-
PN 14 II 3·1 8 4.2 5· 8 6 ·7 ND 65 30 
..0 
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TEMPERATURE 0 °c. 
Figur (6.1) Err ct of temperature and pres~ure on the 
pres urE>-dependence of the Yleld stre::;s in poly-
c!\sLilline MgO. (;rain Slze 0.4 to 0.5 mm. 
(Curv oC HulSE> et al. (1403) I'or grain ·lze 0.04 mm). 
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Examination of Microstructures 
Changes in the mode of deformation at increasing temperatures and 
pressure were followed by observing the slip traces which appeared on the 
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longitudinal polished faces of the specimens after deformation, as described 
in the earlier section on room temperature deformation (p.1 6~. Detailed 
analysis of the slip systems became difficult as the temperature of deforma-
tion was raised because, with the advent of multiple slip systems and wavy 
slip the exposed sections of the grains became folded and rumpled, and the 
identity of individual slip systems was lost. This disappearance of planar 
slip was, of course, an indication of the i ncreasing multiplicity of slip 
systems in operation and of the increasingly homogeneous nature of the 
deformation. A second notable feature of the microstructures was the lack 
of fracturing of grains at elevated temperatures. At room temperature most 
grains contained one or two fine cracks which probably developed during 
unloading and depressurisation (i.e. Heyne's crackS), as in Figures (5·14) 
and (5.16), or associated with kinks (Figure (5.16c) which could also be 
accompanied by extensive crushing (Figure (5.17)). o At temperatures of 400 C 
or higher at 5 kb, and at about 6000 c at 2 kb pressure, "crushing" (as in 
Figure 5.17) was completely eliminated, and Heyne's cracks were also rare, 
which indicates that hi~h stresses in dislocation pile-ups did not build 
up when multiple slip systems were operating . 
These remarks somewhat anticipate the more detailed descriptions 
of the microstructures which follow, but will serve to link the present 
experiments with those performed at room temperature as described in 
Chapter 5. A summary of the microstructures of specimens deformed at 
elevated temperatures is given in Table ( 6.3), and some representative micro-
structures in Figures (6.4) and (6.5). As Table (6.3) shows, specimens 
-
I 
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deformed at 2 kb pressure retained many of the characteristics of room 
temperature deformation up to at least 6000c - i.e., stra i ght slip traces 
(becoming finer at high temperatures) and a large proportion of fractured 
grains. Some favourably oriented grains deformed by a process of inhomo-
geneous rumpling in broad bands, suggestive of the operation of multiple-
slip systems but in a restricted manner (similar to Figure (6.4aDand there 
was some fracturing also associated with these broad bands (see Figure 
(6 . 4b)); only at 7500C did the deformation appear to be truly ductile, 
with only occasional fine fractures due to Heyne's stresses. Planar glide 
persisted even here, however. 
At 5 kb pressure many individual grains appeared ductile at 3000C 
but kiru{ing and fracturing persisted in others. At 4000C kinking virtually 
disappeared except in association with more complex deformation as shown 
in Figure (6 . 4c) . Deformation occurred by a series of broad parallel bands 
of almost featureless glide which occurred in several sets as shown in 
Figure (6 . 4a) . These bands caused large vertical ridges to appear on the 
exposed surfaces of the grains, and were occasionally associated with fractures 
as in Figure (6 . 4b). Straight (planar) slip traces were also present and 
it is cl ear from these that the broad deformation bands did not lie parallel 
to reeular glide planes . The majority of straight slip traces corresponded 
to dodecahedral slip systems, similar to those found in single crystals 
with a < 111 ) orientation (see Chapter 4). Crystallo; raphic analysis of 
sample grains showed that the deformation bands lay in general near 
planes, but were rotated by varying amounts (up to 250 ) away from 
{110} 
{110} • 
Clearly there were several interacting slip systems in the bands but direct 
identification was not possible in the polycrystalline specimens . It can 
be inferred from evidence on both cube-oriented sincle crystals (Chapter 3) 
t 
Temperature 
°c 
100 
300 
400 
500 
600 
750 
Ta.b~e \6.3). "'. -oJ of Microstruc-tures a.t Elevated Temperatures o 
2 kb pressure 
Microstructure 
Slip traces straight and distinct. 
Some grains kinked and heavily 
fractured. 
As at 1000 C, but slip traces finer 
and more numerous. 
Predominantly straight slip traces; a 
few grains rumpled with less distinct 
slip traces. Many grains fractured. 
Kinking. 
Straight slip traces persist, but traces 
5 kb pressure 
Microstructure 
Slip traces fine and straight, but 
approx. 5% of grains rumpled. Many 
gr ains fractured. 
Approx. 50% of grains contain "wavy" 
slip in wide rumpled bands. Remainder 
contain fine straight slip traces. Some 
broad kinking and some grains fractured. 
As at 3000 C, but "wavy" slip coarser. 
Fracturing much reduced. Kinks not 
fractured (see Figure (6.~)). 
i 
much finer. About 10% of grains contain IAt 5000 and 6000 C all grains were rumpled 
"wavy" rumpling in wide bands. and uneven, t hough some fine straight 
I slip traces persist. No kinking, and Similar to 5000 C behaviour. Approx. 20% 
of grains contain "wavy" rumpling in wide 
bands. Some grains fractured. 
Most grains heavily distorted with 
"wavy" rumpled surfaces. Traces of 
fine straight slip seen. 
very few fractures. 
All grains contain "wavy" slip in much 
more complex association than at lower 
temperatures. Fracturing almost 
eliminated (see Figures (6.5)). 
-
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Figure (6 . 4) Micro tructures in polycry ta l line MgO d efonned at 
o 400 C ancl 'j kb pressure . (p,\ J4 , 1 1 ~ plastic strain). 
Ma~. )</2.5 
(a) Broacl deformation bandt- and straight slip trace . 
(b) Heavy rumpling with associatecl 1racture . 
(c) Kinks and d~formation ba .... cl.., associated with planar 
slip. 
!:..2.Kure (6.S) Microstructures in polycrystalline MgO deform d at 
750 0 C and 5 kb pressure. (p~ J), 10% plastic :::;train). 
( a ) Fin e wavy ::>1 i p (c e n t r e), wit h plan a r :::; 1 i P (b 0 t to III 
right) and grain boundary . 
(b) Fine slip (vertically) and deformation band 
(horizontally) . 
at 
ra i n) • 
ar 
at 
ra in) . 
Figure (6 . 4) 
x 1:1.5 
Figure ( 6 . 5 ) 
)( 1:2.5 
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and from the tests at elevated temperatures on crystals having a < 111 > 
axis (Chapter 4), that slip was. also operating on t 112} planes and probably 
on {100 } planes in these deformation bands . 
When kinks occurred at ;OOoC or 4000 C they were broad and very 
uniformly deformed, as shown in Figure (6.4cj. Here two distinct sets of 
kinks have formed in a complementary manner not previously found in MgO 
specimens . The kinks alternated in their direction of rotation such that 
the shape of the grain was essentially unaltered, i.e. the kink band K1 had 
rotated anticlockwise with respect to the crystal C in Figure (6.4c), while 
the kink K2 had rotated clockwise. These two rotations appeared to 
alternate throu 'h the grain, and the same active slip systems (S 1) operated 
in both sets of kinks, using the same < 001 ) axis of rotation . 
The large kink K1 (Figure 6 . 4c ) was analysed c~ystallographically 
as described for the kinked < 111) crysta~s in Chapter 4 (p. 74). The 
kink band K1 was found to be based on the usual {110} <110) slip systems, 
with the active system (8 1) rotating about an <001) axis of rotation. The 
band boundary (ICBB) had rotated to bisect the an~le between the slip plrule 
in the crystal (8 1) and the slipping plane in the kink (8 1 K), and in this 
case aloost perfect accommodation had been a chieved across the boundary -
i . e . the active slip system in the kink (S 1 K) lay 120 away from the normal 
to the band boundary, and the slip planes in the crystal at Clay 10° from 
the normal to the boundary . 
The same processes had occurred in the second set of kinks (K2) , but 
in the opposite sense, which caused the two sets of kink bands to intersect 
at an acute angle. 
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The "slip packets" in these kinks were much narrower than those 
formed at room temperature (see Figures (4.8a) and (5.1 6c» and the residual 
strains associated with the dislocation pile-ups in the boundaries of the 
lamellae must have been considerably less than in room temperature kinks, 
because no fractures occurred in this grain. The residual stresses in the 
kinks may have been relieved either by mutual cancellation of stresses in 
adjacent kinks of opposite sif n, or by local plastic accommodation on other 
slip systems. 
The widely spaced slip traces S2 in Figure (6. 4c) represent a {110} 
plane lying obliquely to the kinking planes. 
Specimens deformed at 1500 C and 5 kb pressure were notable for the 
smooth and featureless appearance of the grain surfaces after deformation, 
and for their lack of fracturing. Figure (6 .5) shows two of the more 
heavily distorted grains. T~y other grains showed no definite signs of 
slip traces, but had smoothly distorted or gently undulating surfaces. 
Figure (6.5a) (centre) shows the fine, wavY character of the slip, none 
of which was perfectly crystallographic except for the very fine traces 
which lie N.W. - S.E. in the larger grain . Displacement of the grains 
relative to each other appears to have occurred at the grain boundary 
(lower right) which suggests that shearing also may occur along grain 
boundaries under pressure. 
Grain boundary shearing is usually found only at very high tempera-
tures, e. g . between 12500 C and 14500 C (Adams and Iv urray 1962; Mountvala and 
Murray 1966), and at 16000 C in tension (Day and Stokes 1966), and it is 
unlikely that an applied hydrostatic pressure would enhance sliding unless 
an intergranular fracture were propagating (Orowa~ 1960). 
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Influence of grain boundary structure on strength. 
It is convenient at this point to discuss the effects of shearing 
and fracturing on the strength of polycrystalline MgO . since if crystallo-
graphic fracturing can occur under pressure, followed by shearing on the 
fractures, then similar fracturing could take place at grain boundaries. 
Experimental evidence on bicrystals of ~~O suggests that grain 
boundaries can be very strong (Stokes and Li 1963 b) but that their strength 
depends critically on the "goodness of fit" of the structures in neigh-
bouring grains . Simple low-angle tilt boundaries are very strong, but 
the boundaries become weaker and more brittle as the angle of mismatch 
increases, particularly when large twist components exist (Adams and 
Murray 1962 ; Mountvala and Murray 1966 ) and sliding at high temperatures 
increases rapidly with degree of misorientation. 
A factor equally as important as the degree of mismatch is the 
physical structure of the boundary. In sodium chloride the contact area 
between grains depends critically on the amount of mismatch (Fuschillo 
et ale 1966 ), such that boundaries with a large twist component may contain 
large sheets of voids, and atomic contact between grains occurs only at 
small points a few microns in diameter. In such boundaries the segregation 
of impurities increases with the degree of mismatch, and in MgO this can 
result in the formation of second phases such as olivine, 2(Mg,Fe)Si02 , 
(McPherson and Sinha 1965 ) with severe embrittling effects. 
Evidence for the presence of second phases and intergranular voids 
was obtained in the present material by cleaving coarse grained specimens 
along their boundaries. Some boundaries could not be cleaved without 
fracturing the gr ains , indicating a boundary of aood fit, but many 
boundaries parted quite readily, exposing surfaces covered with fine, 
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complex patterns of dendritic structures as shown in Figure (6.6a), or 
irregular surfaces covered with fine points of structure as in Figure (6.6b). 
Figure (6.6a) resembles the structures of McPherson and Sinha (1965) which 
contained voids and silicate phases, and Figure (6.6b) resembles the void-
sheet and point-contact structures found in NaCI by Fuschillo et al. (1966). 
The misorientations across the two boundaries illustrated were 
large, but not uncommon. Figure (6.6a) contained a tilt component of 450 
and a twist of 300, and Figure (6.6b) a tilt of 22 0 and a twist of 300• 
Since most polycrystalline aggregates of random orientation will contain 
boundaries of large misorientation, a large number of void sheets and 
boundaries of low strength will exist which could fracture at loads much 
less than that required for plastic deformation of the crystal matrices 
(McPherson and Sinha 1965). Conditions of partial fracturing at grain 
boundaries would therefore be expected in all the present specimens, with 
the limiting condition of complete disaggregation in the hot-pressed poly-
crystals (Chapter 5), and the free surfaces t hus introduced would provide 
the elements through which the confining pressure could influence strength, 
without any development of crystallographic fracturing. Only when the 
strength of the matrix was reduced at elevated temperatures would the 
strength of the aggregate become independent of pressure. 
( a) 
( I> ) 
x 165. Dendritic patterns of illlj111ri t if' __ . 
'( 1b'). \oid -hf>et~ and point contact - . 
"(icrostrtJ( ture,., or cleaved grain boundaries 
ill '(gO. 
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Summary and Discussion of the 
Deformation of Polycrystals 
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It appears from the fore,~oing experiments that even though the 
idealised model for perfectly homogeneous defonQation developed by Taylor 
(1938) could not be satisfied by MgO at room temperature, an approxima-
tion to macroscopic ductility could be achieved by the suppression of 
fractures under pressure. The consequent increase in strength pennitted 
stronger slip systems to operate than was possible in unconfined specimens 
(e.g ., the stron~ cube-plane slip systems were frequently found to have 
operated above 2 kb pressure), and inhomogeneous deformation mechanisms 
such as kinking could also operate locally. The large plastic strains 
which could be applied under pressure produced intensive deformation of 
all gr ains in the aggrecates, but extensive fracturing of some grains 
could also occur, particularly in grains oriented unfavourably for slip, 
in which kinking had occurred (see Figure (5.17)), ru1d a large pressure-
dependence of strength, which is not a characteristic of perfectly ductile 
polycrystals, also developed at room temperature. This suggests that 
either a plastic flow mechanism sensitive to pressure was involved, or, 
as is more comnlonly supposed, a parti8l fracturing was developing during 
deformation (Orowan 1960 ; Heard 1960 ; Paterson 1958; Hardin and 
Stearns 19b4) . ~ 
Many of the usual features of plastic deformation of polycrystals 
were, however, in evidence. Grain-size effects and the influence of 
surface constraints (applied by the sealiw' jackets) could be explained 
by current dislocation theory, and there was no doubt that slip was 
nucleated and developed throuf;h the aggregate in a normal manner , causing 
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a high rate of strain hardening before the macroscopic yield point. On 
the other hand there was no evidence that the von Llises - Taylor require-
ment of five independent slip systems had operated at room terLlperature, 
and the incidence of kinkino was too infrequent to supply an adequate 
supplementary mechanism for deformation (Tegart 1964) . 
The generally planar mode of deformation at room temperature was 
another indication of inhomogeneous deformation on a microscopic scale . 
The character or mode of slip in an augregate appears to be equally as 
important as the criterion of five independent slip systems in poly-
crystals . Thus , the ductility of NaCl and other ionic structures (Stokes 
and Li 1963a) and of metallic alloys (Stoloff et al . 1965) depended on 
the operation of ~ glide rather than the availability of sufficient 
number of slip systems . In this respect, the MgO specimens began to 
exhibit increasing amounts of wavy Nlide above 2000 C, and the pressure-
o dependence of the yiel d point decreased concurrently , until at 750 C, 
when wavy glide was predominant, the pressure- dependence of strength 
disappeared . This is to sur;g est that the planar glide mechanisms had 
introduced a pressure- dependence which the wavy mechanisms did not . The 
association of planar glide with fracture may therefore be important in 
this context, and the experiments reinforce the current view that the 
deformation mode is a dominant factor in producir~ ductility . 
The effects of pressure at elevated temperatures were to increase 
the operation of wavy ;lide . Wavy ~lide usually operates only above 
0 . 45 TM, the absolute mel tine: point ( ""-J 1250
0 C for MgO) , but in the 
pressurised crystals wavy ;lide operated in a laxge proportion of grains 
above 3000 C and in all grains at 7500 C. Wavy : l\de involves the operation 
of slip on several planes simultaneously in the same direction . The 
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evidence of single crystals showed that under pressure the mode of deforma-
tion could be changed by the suppression of fracturi , and by the constrai nts 
imposed by the sealing jackets , either at room temperature (in -< 001 1 
crystal s , Chapter 3) or at sli'htly elevated temperatures (in < 111 > 
crystals , Chapter 4). Considerable strengthening of the < 001 ) crystals 
occurred , analogous to the increase in rate of strain hardeninc in poly-
cr ystal s , and at elevated temperatures the ( 111 ) crystals deformed by 
wavy glide similarly to the polycrysta.ls . Strenothenin ' in the polycrystals 
wa.s therefore lart,ely crysta.llo raphic , and not due to macroscopic fractur -
ing , but since the sin le crystals exhibited no pressure- sensitivity of 
the yield stress, it must be concluded that effects a.dditional to 
crystallo raphic strain hardening must also have operated in the poly-
cr ystal s . Possibl e sources of strerk~thening under pressure could arise 
at the grain boundaries , particularly if they cont6.ined large voids capable 
of introducing frictional effects , or from the development of microcracks, 
or from an increase ir. the Peierls force on disloc2.tions under pressure. 
Some aspects of these factors will be further developed in Chapter 7 · 
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CHAPTER 7. 
General Discussion and Summary. 
The primary objective of this investigation was to discover the 
mechanisms by which polycrystalline MgO could become ductile under pressure . 
The behaviour of single crystals Vias investigated to provide detailed 
evidence of the effects of pressure on deformation processes in the 
structure, and the effects which were found were mainly mechanical -
i.e., in cube-oriented crystals the propagation of slip bands on the 
weak D1 0) (11 0) slip systems was modified by the use of strong rubber 
sealing jackets and the crystals were strengthened by the introduction of 
oblique D1 0} <11 0) slip systems, which produced latent hardening effects 
and a special form of kinking involving the movement of dislocations on 
{112} planes in the <11 0> direction . 
The strong (100} <110) slip systems were studied by deforming 
crystals in the <1 11 ) direction, which provides a configuration where 
the dodecahedrru slip systems are not stressed . The cube-plane slip 
systems were so strong, however, that even under shear stresses equal to 
1/3 to 1/6th of the theoretical shear stress at room temperature they 
were not activated, and plastic instabilities developed which threw 
critical shear stresses on to the (nominally ~Ulstressed) dodecahedral 
slip systems . The crystals then deformed by violent kinking, which , 
however , was contained by the applied confining pressure without fracture . 
Even at elevated temperatures the strong {100J <j 10) slip systems 
o did not operate as individual systems, at least ap to 750 C; kinking 
persisted to between 2000C and 3000C, ru1d between 3000C and 7500C slip 
systems on the {11O} , h 12} and (1 00) planes operated in combination 
to produce wavy glide in the {110} direction. This complex behaviour 
was probably enhanced by the presence of strong copper se"'ling jackets. 
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Neither the cube- oriented crystals nor the <111 ) oriented crystals 
suffered any direct hardening under pressure; the mechanical strength of 
the crystals was modified only by the constraints of the experimental 
apparatus . Nevertheless, their behaviour under constraint tended to 
become more homogeneous than v/hen deformed at 10Vi pressures , and the 
modified behaviour began to resemble the condition of "polyslip" invoked 
by Kocks (1958) to describe the behaviour of individual ~rains in a poly-
crystalline ag 'regate . The microstructures of deformed grains in poly-
crystalline specimens therefore frequently rese~bled those in the single 
crystals, with strono planar ~lide and kinking at room temperature chan; ifib 
to complex wavy glide at elevated temperatures . The outstanding features 
of the behaviour of polycrystals were, however, the very large effects of 
pressure on strength, which Vlere not found In single crystals . 
Although the rubber and copper sealing jackets had strengthening 
effects on the polycrystalline specimens, they did not affect the pressure-
dependent components of strength. The pressure effects were at a maximum 
at room temperature, where the specimens deformed by planar glide 
(i.e. straight slip traces) and by kirucing, both features of non- ductile 
behaviour in other ionic solids (e.g. NaCl and AgCl, Stokes and Li 1963a) 
and in metals . At elevated temperatures the pressure effects decreased 
to zero between 7000 C and 8000 C, by which stage kiruci~~ had been eliminated 
and wavy glide was predominant in a manner resembling the behaviour of the 
<111 ) -orient ed crystals . 
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Large pressure effects can therefore be associated with planar 
glide mechanisms and small pressure effects with wavy glide involving 
a multiplicity of slip systems . In this respect the high confining 
pressures did appear to modify the mode of deformation, because wavy 
glide is usually found only at temperatures above half the absolute meling 
point - i . e . above 12500 C (Hulse et ale 1963; Day and Stokes 1966), while 
at 5 kb pressure wavy glide appeared at 3000 C (0 . 2 TM) and was predominant 
at 7500 c (0.35 TM) . 
To explain these effects of pressure on strength and mode of deforn~-
tion we shall examine the behaviour of the polycrystalline AgO with respect 
to the structural factors which may be affected by pressure, such as its 
strain- hardening characteristics, the effects of pressure on the Peierls 
stress and the influehce of fracturing on strength . 
The Pressure Dependence of the Yield Stress . 
The strong pressure- dependence of the stress-strain curves of 
Figures (5.1), (5 . 3) and (5 . 6) resembles the rapid rise in strength of 
body- centred cubic metals at low temperatures . The increase in strength 
of metals has been attributed to the strong locking of dislocations by 
impurities at low temperatures (Cottrell 1953 p.144), but there is no 
evidence that pressure could induce such an effect in MgO. Although 
l100) <11 0) edge dislocations have a high Peierls stress in NaCl- type 
structures , (Huntington et ale 1955) which causes a high temperature 
dependence of strength (Hulse et al e 1963), moderate changes in confining 
pressure do not appear to affect the Peierls stress. This was confirmed 
by the compression tests at elevated temperatures . on <111) - oriented crystals 
in which the yield stress of the (100) systems was not increased above their 
strength at atmospheric pressure . 
Two other f actors which might have affected the yield stress were 
the extent of inhomogeneous microstraining before the yield point , and 
the effects of local fracturing on strength , which are discussed in the 
following . 
(i) Preyield Microstrain in Magnesium Oxide 
Dislocation theory 
Before the macroscopic yield point is reached in metals certain 
favourably oriented grains begin to deform independently, producing an 
effect known as preyield microstrain . This has been observed in many 
metals (Roberts and Brown 1960), (Brown and Lukens 1961), (Suits and 
Chalmers 1961) , and is associated with the first detectable movement of 
dislocations within the specimen. 
Recent experiments on ionic crystal s suggest that similar micro-
strains can occur in NaCI (Gutmanas et al . 1963) and in 1~0 and other 
ionic crystals (Stearns and Gotsky 1964) . ~lastic flow occurs locally 
when dislocation sources loop out far enough to expand independently. 
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The regions of plastic strain extend with increasing applied stress until 
general yielding occurs . Brown and Ekvall (1962) found that the lIelastic" 
part of the stress- strain curve in iron specimens contained several 
distinct stages , as shown in Figure (7 . 1) . A break in the curve occurs 
at a very low stress (OE) which represents the limit of purely elastic 
strain. Straining beyond 0E produces a linear curve of lower slope than 
the first , which represents the anelastic bowing out of dislocations, 
which is not truly "elastic" strain. At the limit 0A ' permanent small 
strains begin to occur due to emission of small loops of dislocation 
line , and beyond 0A microstrain occurs , with locaL workhardening and 
gradual spread of deformation until the macroscopic yield OF is reached . 
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The l evel of 0A and the r ate of workhardening between 0A and of is sensitive 
to temperature , str ain rate , and possibly in magnesium oxide , to pressure. 
Thus in Fi gure (7 .1), oc. - iron is str onger at low temperature T1 than at T2 
(T2 ) T1) because more str ainhardening occurs in the micros train region . 
In the high pressure apparatus large amounts of micros train could 
go undetected , and other methods of detecting plastic strain were necessary 
such as stress-relaxation methods (Shaw and Sargent 1964) or microscopical 
examination for sl ip t r aces ( e . g . Suits and Chalmers 196 1; Barrett 1952) . 
These methods were applied to the magnesium oxide polycrystals to determine 
their pre- yield micr os t r ain behaviour . 
Experiments were therefore made on specimens havi ng flat surfaces 
gr ound and polished as described earl ier . The experiments were designed 
, , 
to detect slip at an early stage of el as tic straining , and to measure the 
rate of propagation of str ain before the macroscopic yield point was 
reached . Latex sealing jackets were used to minimise the errors due to 
the strength of the jacket . 
Experimental 
a ) Specimen N24 . deformed at 8 kb pressure 
The grain size was very coarse, averaging 1. 5 to 2 mm . diameter , 
and only 15 grains were exposed on the pol ished surface . The specimen was 
loaded to successively higher strains in the elastic range and examined 
microscopically after each increment of loading until the macroscopic 
yield strength was reached . Figure (7 . 2) shows the composite stress- strain 
curve , where the load was removed after stresses of 2, 3, 4 and 
5. 8 x 103kg _cm- 2 had been applied . The curve appeared linear to 
4 . 5 x 103kg_cm- 2 stress , and macroscopic yiel ding started at 
2 14 
3 - 2 (1) 5·5 x 10 kg- em • The horizontal curves in the Figure represent 
stress-relaxation curves with time on the abscissa, obtained by holding 
the strain constant and recording the fall in load for two minutes . 
Relaxation curve A represents apparatus relaxation, and was reproduced 
in detail using solid carbide blocks in place of the specimen . At B 
and C, however, sharp breaks in the curves indicated the propagation of 
microstrain , with resultant drops in load . 
Microscopical examination after the first straining , to 40% of 
the yield stress , revealed only a few gr ains containing slip traces 
(see Figure (7 . 3), stage A), which occurred near the ends of the specimen 
or around cavities and other stress- raisers, as found in iron by Suits 
and Chalners (1961). Straining to 6~b of the yield stress intensified 
the slip in these grains and slip spread to many others (Stage B, 
Figure (7.3) until at 75% to 80% of the yield stress all grains contained 
some slip traces . At the macroscopic yield stress, Stage D Figures (7.2) 
and (7.3) all grains were filled with slip traces and additional sets of 
traces had appeared in grains already deformed . The rate of strainharden-
ing just before the macroscopic yield stress was very high . These 
observations are summarised below -
(1) The coarse grain size caused this specimen to be weaker thrul those 
of 0 . 5 mm. grain diameter but the propagation of micros train was 
expected to be similar . 
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Table (7.1). Development of Micros train in Specimen N 24 at 8 kb pressure. 
Applied Proportion of Plastic Microstructure 
Stress Yield Stress Strain 
-2 -3 kg-em x10 % % 
2 40 0 A few grains slightly deformed 
3 60 0 80% of grains slightly deformed 
4 80 0.18 All grains deformed 
5·85 117 1.0 Grains filled with slip bands 
b) Specimen N19, deformed at 8 kb pressure 
If visible microstrain occurred at less than half the macroscopic 
yield stress, then large amounts of strain must have occurred under all 
confining pressures, before the level of yield stress at low confining 
pressures was reached. To check this, a specimen of grain size 0.5 mm . 
-2 2 
was loaded to 5,000 kg .cm at 8 kb pressure, i.e. to about 3 of the 
macroscopic yield stress. All grains on the polished face became filled 
with slip traces, usually of only one or two orientations, but in a 
concentration representing the yielded condition . Further straining to 
( -2 the macroscopic yield stress 7,600 kg .cm ) only served to increase the 
density of traces and introduce new sets as before. 
This specimen had mechanical properties typical of those in 
Table (5.1), but general microscopic yielding had occurred at a stress 
near that of the yield stress at low pressure. This suggests that yielding 
may occur at a fairly constant stress which is independent of pressure, 
but that the subsequent rate of strainhardening ~efore macroscopic yielding 
is influenced by pressure. 
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c) Specimen P15. deformed at 2 kb pressure 
This was a fine-grained specimen of average grain diameter 0. 25 mm., 
having approximately 500 grains exposed on the polished flat face. The 
number of grains containing slip traces was counted after each successive 
straining in the "elastic" range, with the results shown in Table (7 . 2) . 
Table (7 . 2). Plastic Microstrain in Specimen P15 . 
Applied Proportion of Number of Percentage of 
Stress Yield stress Slipped Grains Total number 
- 2 - 3 of Grains kg- cm x10 % 
2 40 0 0 
3 60 44 8. 8 
4 80 102 20·4 
5 95 350 70 
As before, the proportion of slipped grains increased rapidly as 
the macroscopic yield stress was approached, and micros train was present 
at about half the macroscopic yield stress . 
Summary and Discussion of Microstrain Experiments 
The development of micros train in magnesium oxide occurred as 
predicted by the dislocation models developed for metals . The amount of 
micros train depends on grain size L and stress cr according to the relation 
(Owen et al e 1958) 
(Brown and Luckens 1961) 
. 
where A is a constant and cr
o 
the "lattice friction" stress . The amount of 
21 9 
microstrain at a given stress increases with grain size , and as the square 
bf the effective applied stress. The data of specimen P 15 above fits 
the ( 0-00 )2 law well, as shown in Figure (7.4). Here the proportion of 
slipped grains, (Taken as a measure of the microstrain), and the function 
E p a:: (0-0 ) 2 are plotted against applied stress; the theoretical curve 
o 
is normalised with the experimental curve at 10% microstrain and 0 equals 
o 
- 2 1, 750 kg .cm • The experimental curve falls below the theoretical possibly 
because the slip traces were very fine, and some grains may have been 
missed in the counts. 
These experiments show that extensive yielding throughout the 
specimen can occur well belovi the macroscopic yield stress, and suggest 
that the lower limit for micro- yielding (i.e. point 0A in Figure (7 .1 ) , 
r emains essentially unaffected by pressure . The range of stress over which 
plastic micro- straining occurs before the macroscopic yield point is reached , 
however, appears to increase with pressure. During this process strain-
hardening extends to higher stresses, and the pressure effect therefore 
develops during the period of pre- yield plastic straining i.e . beyond 
point 0A in Figure (7.1). Since no large pressure effects were found in 
single crystals, the development of microstraining to higher stresses at 
high pressures is probably a symptom rather than a cause of the strengthen-
ing . 
(ii) Strainhardening and the Peierls Mechanism. 
If preyield strainhardening is a cause of the increase in strength 
under pressure, specimens p-r~t.yr:z f"ed at high pressures should be stronger 
than those deformed at lower pressures when both are deformed at the lowe-r 
pressure. If this is not the case , then the pressure effect must arise 
from the Peierl mechanism or from fracturing . The Peierls mechanism in 
220 
100 
"1 
~ +T-~)J--/:l 
... 
c 
• 0 
... / I::: <' I~ 
-"0 
tl I'" 
Q. 
Q. ~ 
'" 
.tl 
.::; 
I 
I 
0 
0 2 3 4 5 6 
Applied Stress, 
-2 kg-em x1O- 3 
Figure (7.4) Development of pre-yield micro- train 
in specim n P15 at 2 kb. pre sure. 
particular is completely reversible and leaves no structural changes, 
being governed wholly by the energy required to move a dislocation line 
from one position of minimum energy to another across the intervening 
energy "hill" (Peierls 1940; Dorn and Rajnak 1964) . Strainhardening 
and fracturing, however, do leave permanent structural chaI4;es which can 
affect the stress-strain behaviour . 
a) Effects of chan;es in pressure 
The effects .of changes in pressure on flow stress were examined 
by comparin,C; the floYI curves of uninterrupted deforL1ation tests with 
curves in which the pressure was quickly changed betweet: a high and a 
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lower value during deformation. Althou,;h several combinati ons of se<luence 
of pressure challde were applied in various experiments, the general pattern 
of behaviour is best shown in Figure (7 . 5) . Here uninterrupted stress-
strain curves at 4 kb and 8 kb pressure (SN7 and SN9 respectively) are 
compared with an experiment in which the specimen was deformed alternately 
at 4 kb and 8 kb for four cycles at room teiliperature in rubber jackets . 
The interrupted curves (SN6) coincided with the uninterrupted curve 
(SN9) at 8 kb pressure but at 4 kb the interrupted curves were stronger 
after straining at 8 kb , than the uninterrupted curve (SN7) ; the increment 
in strength at 4 kb increased with strain until at the fourth cycle 
(curves (g) and (h), Fi5uxe 7 . 5) macroscopic fracturing developed and the 
strength was reduced . As in the curves of Figures (5.1), (5 . 3) and (5. 6), 
the yicldino; of the interrupted test specimen was not sharp and considerable 
strain occurred before a steady rate of flow developed (see Figure 7 . 5) . 
Estimates of the increments in flow stress 6 <1Flow were therefore made 
by extrapolating the flow curve back along the ' ayeraue ' curve to the 
projection of the elastic strain curve , and only transitions involving 
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an increase in stress were measured, to avoid corrections for the elastic 
str ain in changes involving decreases in stress (Christian and 11asters 
1964) • 
Values of 6 (J Flow' plotted against strain in Figure (7 . 6) , show 
that £;:, (JFlow was less in the interrupted test than between the 
uninterrupted tests; i . e . that there possibly was some residual strain 
hardening at 4 kb derived from straining at 8 kb, but that most of the 
increment was due to pressure . 
b) Effects of rate of strain 
When plastic deformation is controlled by a thermally activated 
process the flow stress is also sensitive to rate 04straining (Larson 
et al . 1964; Dorn and Rajnak 1964, Christian and Masters 1964) and the 
application of pressure may increase the effect if the Peierls mechanism 
is affected . 
Experiments were therefore made in the high temperature apparatus 
(which was fitted with a change- speed gear- box) at room temperature and 
at 2000C at straining speeds of 4x10-2 mm. per sec. and 5.6x10- 3 mm. per sec . 
(Copper jackets were used as in earlier experiments in this apparatus) . 
Reproducible and fairly constant increments in load were obtained 
when the straining speed was increased instantaneously during plastic 
straining up to 10% total strain. The apparent increase in stress 
- 2 amounted to 110 to 150 kg . cm , but when corrections for friction in the 
apparatus and the strength of the copper jackets were made, the increment 
- 2 in fl ow stress amounted to only 10 to 50 kg . cm , which was too small to 
be significant in the present context . 
These experiments show that neither the dif~erential strain hardening 
under pressure , nor the Peierls mechanism is sufficient to produce the 
very large strengthening effects found in polycrystals under pressure, 
although both may playa subsidiary part in the strengthening process. 
(iii) The Influence of lVIicrofracturing on Strength 
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It is well established that microcracks can be nucleated in brittle 
materials by plastic deformation (Petch 1953, 1954; Stroh 1954, 1957). 
In MgO this can occur where slip bands meet a grain boundary, or at the 
intersection of slip bands (Stokes et al. 1958, 1961; Argon and Orowan 
1964b) , and in minerals the development of limited fractures has been 
suggested as a means of local accommodation (Orowan 1960) . The strengthen-
ing of brittle materials by frictional sliding on well-developed macro-
scopic shear planes under pressure is a familiar concept in engineering 
(e.g. Jaeger 1962), but since strengthening occurred in polycrystalline 
MgO without the development of shear fractures, an alternative strengthening 
mechanism must be sought. 
In the following a hypothesis will be developed that the strengthen-
ing of MgO under pressure in the "ductile" range, is brought about by the 
influence of non- propagating microcracks on the propagation of slip. 
In unpressurised polycrystalline MgO , brittle fracture follows the first 
small plastic straining (Hulse et al. 1963) unless the grain boundaries 
are excessively weakened by impurities (McPherson and Sinha 1965), but 
under pressure extensive plastic deformation develops, and it is suggested 
that a reaction occurs between the microcracks and the slip systems which 
form them, which has a powerful strengthening effect. The combined 
operation of plastic strain and microfracturing has not been previously 
dealt with in the literature, and an elementary model for their reaction 
will therefore be based on the current models for c~ack nucleation and the 
known effects of pressure on cracks. 
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When the slip systems in a structure are anisotropic , as in IvigO , 
it cannot undergo an arbitrary deformation, which requires five independent 
slip systems (von Mises 1928 ; Taylor 1938) . If one grain in an aggregate 
yields, the surrounding grains may be oriented so as to be unable to 
accommodate the slip in the first grain, in which case a piled-up group 
of dislocations develops at the boundary of the first grain until a crack 
forms. 
The shear stress Os required to form a microcrack is 
3'7tyG 
8( 1-V)L 
( Stroh 1951) 
where y is the surface energy of the crack, G is the shear modulus, Y is 
Poisson's ratio and L the length of the slip plane. Thus, in polycrystalline 
- 2 II I~O, grain diameter 0.5 mm, where Y = 1500 ergs.cm , Y = 0.11, G = 13x10 
dyne cm-2 and L ~ 0.025 cm, 
II 
3'7t. 1500. 13. 10 
8( 1-0.11) . 0 .02 5 
11 -2 -2 10 dyne cm and Os = 300 k0 .cm in the case of an applied 
tensile stress. Since the compressive strength of a brittle material is 
about an order of magnitude Greater than the tensile strength (Jaeger 1962 ), 
Os is of the correct order for an unconfined sample (see Table 5.1) . 
The shear stress Os represents only the effective stress acting on 
the pile-up (and on the dislocation source), and is the difference between 
the resolved component of the applied stress, 0, and the structural and 
mechanical forces opposing shear, 
shear stress for fracture becomes 
(1 • 
o 
2 
«(1 - (1) ,...... Gy o - -L 
Thus on a macroscopic scale the 
(Petch 1954) 
where L now equals half the brain diameter. This relation approximates 
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to the well known Griffith (1924) expression for fracture if the critical 
crack length is equal to L. 
In an unconfined &,;gre~ate the basic lattice friction and the 
presence of impurities and precipi tates \lill botn contribute to a. Since o 
the ' yield ' stress of a disloce,tion source is not affected by pressure, 
the stress as to form a microcrack by a pile-up of dislocations will also 
be independent of pressure, but the propal-'ation of the crack can be 
restricted by pressure . 
According to the model proposed by Stroh (1954) , a microcrack forms 
when neighbouring planes of atoms are split apart by the wedging action 
of dislocations runninc into the crack , helped by the normal tensile com-
ponent of stress across the cracl~ (see Fi .:;ure 7 .7) . Energy is required 
to provide surface energy, the elastic ener Y associated with the wedge 
deformation , the elastic energy of the crack, and the enert'Y due to the 
increase in volume on opening the crack . Growth of the crack will occur 
only when a reduction in the total enerJY accompanies propagation . 
On a macroscopic scale the oric-inal Griffith theory assumes that 
no forces are carried across the faces of the crack . Under high pressures, 
however, the faces can be forced into partial or total contact and normal 
stresses as well as shear stresses then arise in the plane of the crack 
(J\1cClintock and Welsh 1962) . This increases the strength of the body by 
a) reducin~ the stress concentration at the ends of the crack , 
b ) introducing friction stresses in the plane of the crack , and 
c) preventing a reduction of energy by slowing down the propagation 
of the crack , by r€ducinS the volume of the crack , and by reducing the 
elastic energies associated with it . 
a; 
(Tn 
f igure ( 7 . 7 ) Forcf>s al' till g 011 a Stroh cra c k und r prE''''~\lre . 
CT
1 
= total axLll stres . 
0":3 = confining pl · I-.. ·.~llre. 
CT. = Ilorlllal C0Il1,)()1I1-'11t 01" stre::-.::. on rack .... II 
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It will be seen from Fis~e (7.7) that when the crack is closed by 
an applied pressure, an extra force will be imposed on the dislocation 
pile- up tending to oppose it - i.e. an additional backstress is applied 
tendinc to increase a
o 
and reduce as' The dislocation source is thus 
effectively strengthened and a higher applied stress is required to cause 
slip on the plane. Since only the slip plane associated with the crack 
is strengthened, slip will transfe~ to other planes and the process of 
crack nucleation be repeated till the whole volume of the grain is 
strengthened ; it follows that the applied stress will then be raised to 
a level at which stlonger slip systems are activated, and the crystal 
becomes strain- and fracture - hardened beyond the stage usually limited by 
fracturing. at low pressures . 
This model explains how the long range of preyield micros training 
could develop under pressure as discussed earlier in this chapter, how the 
strong cube- plane slip systems could be activated in polycrystals 
(Chapter 5), and why the bulk of the strengthening effects of pressure 
were lost when the pressure was removed. Obviously , the microcracks will 
open and close in proportion to the anplied pressure, and the back- stress 
on the dislocation sources would vary accordingly . The model also explains 
why macroscopic shear fractures do not develop under high pressure even 
though quite large "coefficients of internal friction" develop (see Table 5) · 
The friction coefficient of 0 . 4 measured in ductile polycrystals therefore 
represents not a shearing coefficient, but a pressure- induced "strain-
hardening" coefficient. 
The strengthening effect of a microcrack can be estimated from 
Stroh's model (Stroh, 1954). 
- 2 A microcrack of length, 10 cm could form 
fronl a pile- up involvinp, about 1000 dislocations. (This l ength would in 
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fact be reduced by stress relief at the crack tip). Under pressure the 
normal stress on the crack is 
ON i (01 + 0 3) when the crack lies at 45
0 
to the applied 
stress 01' and 03 is the confining pressure. 
From Figure (5.1) at 10 kb pressure, 
- 2 11,000 kg . cm at the yield stress, 
whence i (22,OOO + 10 , 000) 
16,000 kg . cm- 2 
With crack length 10-2 cm and grain diameter 0 · 5 mm. , the total force on 
the crack is 16 , 000 x 0 . 05 x 10-2 = 8 kg ., which will exert a stress on the 
slip plane producing the crack (which is assumed to lie at right angles 
to the plane of the crack), of 
8 kg -:- grain area - 2 4,000 kg . cm 
Clearly such large cracks are not necessary to produce hardening 
of the slip plane, and pile -ups of only 100 dislocations may be sufficient 
to produce microcracks (Stroh 1951) which would have a si~nificant 
strengthening effect. 
When slip on a "cracked" plane has been stopped, deformation will 
transfer to other planes and the process repeat until all the weakest slip 
systems are exhausted. By this time the grain will have hardened to a 
level where the stronger cube- plane slip systems could become activated . 
Conclusions 
The behaviour of single crystals and polycrystalline aggregates of 
MgO under pressure may be summarised as follo~s :_ 
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1) The yield strength of single crystals of 1IpO Vias not affected 
by pressure when compressed in either the ( 001 ) or the ( 111 ) direction. 
2) The strength of the rubber jackets in which specimens were 
sealed ~~ strongly affected by pressure and constraints were thereby 
exerted on the crystals (and polycrystals) which caused the simultaneous 
operation of obliQue £ 110} ( 110 ) slip systems in the ( 001) crystals. 
The strength of the < 111 > crystals was not affected by the presence of 
the jackets. 
3) The operation of oblique slip systems in the < 001 > crystals 
caused a rapid rise in rate of strain hardening which increased with 
pressure, and the longitudinal ed[es of the crystals sometimes deformed 
by l~inking. These kinks were formed by rotation of I 112J planes about a 
< 111 > axis, and the direction of rotation was ccntrolled by pile- ups 
of dislocations moving in the most active ( 110) direction in the crystal. 
Anticlastic elastic effects, as proposed by Stokes et al. (1962), were not 
considered to operate in these crystals . 
4) Crystals deformed in the < 111 > direction at room temperature 
did so by kinking on the nominally unstressed { 1101 planes lyiTl6 parallel 
to the compression axis. These crystals were extremely stron'" and yielded 
at -3- to i of the theoretical stren ; th of the lattice. The [ 100/<' 110 > 
slip systems well-oriented for slip were even stron er than this, with the 
result that under the hiGh loads applied, sufficient misorientation of the 
crystals occurred to throw critical stresses on the "unstressed" dode-
cahedral systems t o cause kinking . 
5) At elevated terlperatures kinking persisted in <. 111 > - oriented 
crystal s until above 2000 C. At hi her temperatures a more complex com-
bination of slip systems developed , involvin", the dodecahedral systems 
which persisted even at 7500 C, despite the fact that cube- plane systems 
well - oriented for €,;lide were also active . Uavy slip traces and ' \1avy ' 
dislocation bands appeared to involve { 112 } < 110 ) disloc"tions in 
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addition to the { 110} < 110 > "'nd f 1001 < 11C > dislocations . These observa -
tions had an important bearin on the behaviour of polycrystalline 
8€;re 'ates at elevated temperatures . 
6) Polycrystalline 8£e;;retSates of :rgo appeared to be ductile above 
2 kb presstU'e, e ~cept that hot pressed specimens , havirlr-; very fine ..:;rain 
size , disar re 'ated c ompletely by interGranular fracturing . At room 
temperature rains in the ductile specimens were ,lell filled IIi th slip 
traces , includin cube- pl"'ne slip traces , ",nd some rains contained kinks 
on ~ 1 1 0 } systems . Insufficient independent slip systems were found, 
however, to fulfil the von Tlises - Taylor criterion of five indepcldent 
slip systems for homo"'elleOt s deform'1tion . A very lart.'e pressure- dependence 
of stren th also appeared at room temperature, ,Jhich in conjunctio .. 7:i th 
the planar ~lide chru.'acteristics, su "ested that a fracturil1€ process I'laS 
also involved . 
7) At elevated telilperatnres the presslu'e- dependence of strel1f,th 
decreased to zero between 2000 C and 7500 C, accompanied by 8 change in 
mode of deformation to wavy 'lic1e . Wavy lide pl'obably involved a c om-
bination of slip on f 11 0 L £11 2 ~ and { 100 f systeJlls , as found in the -( 111 ) 
cryst<>ls. Ductili ty vias therefore associated lith a chal:1{;e in mode of 
deformation as well as with the availability of extra slip systems . 
The polycrystals were stronger under pressure than at atmospheric 
pressure , and the higher stresses which could be aopliAd without fractur -
ins caused strong slip systems to operate. Wavy ,lide was therefore 
o present under pressure at temperatures nearly 1000 C lO'ler than it is 
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usually found at atmospheric pressure (i . e . at 3000 C instead of 1250oC) . 
8) The pressure- dependence of stren::;th in polycrystals was lar.;ely 
reversible . Specimens stro11€ at hieh pressures Vlere weak TIhen subsequently 
deformed at low pressures . Of the two mechanisms TItich could produce 
these effects, the Peierls force was not found to be affected by pressure . 
Insteod, a model was developed by which microcracks could influence 
strelli 'th by maintainiw' a larbe back- stress in the slip pll1ne uenerating 
the crack . The action of the hydrostc.tic pressure tendin' to close the 
crack would red Ice the shear stress on the slip source in the plane and 
effectively harden it. This stren'thening effect would be a function of 
strain (Le . , number and size of microcracks) and of pressure as was 
found in the present experiments . 
9) Finally, it is concluded that, althou-..;h ductility in the Taylor 
sense was not developed in 1'160 under pressure at room temperature , it was 
o developed at 750 C when wavy blide operated freely . The definition of 
ductile behaviour may be modified to include the ~eneration of non-
propagating microcracks , however, si nce many metals are knmm to develop 
microcracks while still remaining ductile . In this sense, then ~JgO beGan 
to become ducti le at the hi hest pressures used (10 kb) at room temperature . 
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APPENDIX I 
Hot Pressing of Polycrystalline Magnesium Oxide 
Until recently the best available me t hod for producing fine-~ained 
ceramic bodies consisted of cold pressing fine powders in a die , or iso-
statically, followed by firing in air at as high a temperature as possible 
commensurate with fast densification and fine grain size (Coble 1964) . 
Densities higher than 97% or 98% of theoretical are difficult to obtain 
by these methods because many fine cavities remain trapped within the 
sinter. Intergranular cavities may be slowly removed at high temperature 
by diffusion of vacancies along the grain boundaries, but cavities lying 
inside the grains are almost impossible to remove . For this reason the 
isostatically pressed and sintered specimens supplied by Thermal Syndicate 
Ltd. had only 97% theoretical density, the specimens used by Hulse et al e 
(1963) were only 90% to 95% of theoretical density , those of Stokes and Li 
(1963b)were 98%, and those of Copley and Pasle ( 1965a) were 96% to 99% of 
theoretical. 
The addition of soluble ions to ceramic powder compacts increases 
the rate of densification , and, i n the case of magnesium oxide , dense 
transparent polycrystalline bodies are now produced for infra- red optical 
applications (Hafner et ale 1962) by vacuum hot pressing at moderate 
temperatures with the addition of lithium fluoride (Rice 1962, 1963) . 
Even more satisfactory is a method introduced by Spriggs et al e (1963) 
which does not involve the addition of solutes . ' By application of very 
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high pressures in pure sintered aluminia dies, very rapid densification 
may be obtained, and compacts of full theoretical density have been reported 
after hot pressing at 20 , 00Opsi and 900oC, without any subsequent high 
temperature firing . 
I n the absence of satisfactory alumina dies , dense fine - grained 
polycrystalline specimens were made by the Rice method of vacuum hot 
pressing mentioned above . Practical details of the process were kindly 
supplied by Professor J.A. Pask of the Ceramic Laboratories, University 
of California . 
Malincrodt analytical reagent grade MgO powder was mixed with 3% 
LiF powder by weif;ht, using a Patterson mixer, or by sieving. Care was 
taken to dry the powder befor e mixing and the MgO was calcined at BOOoC 
to remove brucite and carbonate . The mixture was hot pressed for 
- ~ 0 30 minutes under a vacuum of 5 x 10 / mm . Hg at 1, 000 C i n a graphite 
die under a pressure of 2,000 PSi(1) . This produced a hard opaque white 
body which should become transparent and of full t heoretical density when 
subsequently heated for 3 hours at 13000 C in air. 
The present specimens were all flawed by small opaque white regions 
of unsintered material which were thought to be due to poor mixing of the 
LiF or to the presence of brucite, ~~(OH)2' but other sources have ascribed 
a similar "snowflake" dispersion to the presence of impurities and to the 
conditions of calcining . In the clear regions of the compacts no porosity 
was found and the grains were uniform and equiaxed with an average diameter 
of 1 5~ as shown in Figure (1,1). Larger grain sizes could be produced 
(1) Pask recommends 3,00Opsi , but our dies were ~ot strong enough to 
hold this pressure . 
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by heating to temperatures above 13000c, as described in Chapter 5, 
(P'1t0. 
Some LiF was lost during hot pressing and most of the remainder 
volatilised at 13000C , as indicated by a slight loss in weight . Spectro-
graphic analysis indicated that approximately 500ppm Li remained in the 
compacts after firing(1) ,( 2) . 
The apparatus used for vacuum hot pressing is shown in Figure (r . 2) . 
The graphite die measured 1iin. diameter and 4in . long , with an axial 
hole 1cm. diameter . Five grams of lightly compacted powder was placed in 
the die between graphite plugs machined to a close fit in the bore , and 
pressure was applied throuuh two loose-fitting graphite push rods 
connected \lith water- cooled brass end plugs . This assembly fitted into 
a transparent quartz tube round which a high frequency induction coil was 
placed . A vacuum- ti£"ht seal was obtained by means of neoprene "0" rings 
fitted on the brass end plugs , and when the apparatus was placed in a 
vertical press the quartz side arm was connected to a large vacuum pump 
capable of maintaining a vacuum of 10- 2 to 10-3mm .Hg . 
(1) Determined by Dr. S .R. Taylor on the I\! . E. S. mass spectro:;raph , 
Australian National University, Department of Geophysics . 
(2) Copley and Pask (1965a) report 75ppm Li and 800ppm F. 
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Figure ~.1) Microstructure of hot pressed MgO. 
Magnification x 650. 
Figure (1:.2) Equipment for hot pressing • 
. 
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APpm DIX II 
The Effects of Pressure on the IIechanical Properties 
of Vulcanised Rubber . 
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Under high confining pressures many elastomers undergo a transition 
from a rubbery to a gl assy condition in which they become strong and 
brittle, with a rapid increase in elastic modulus amounting to two or 
three orders of magnitude (Paterson 1964b) . This pressure transition 
resembles the "glass transition" found in polymers at low temperatures, 
where a similar enhancement of mechanical properties occurs . Both 
transitions are probably associated with changes in specific volume 
accompanied by changes in the degree of intermolecular interaction brought 
about by temperature (Shishkin 1955) or by pressure . 
In commercial vulcanised rubber as used for sealing jackets in the 
present experiments, the E~lass transition occurred between 4 kb and 6 kb 
pressure, and above 5 kb the jackets carried si~nificant loads which had 
to be taken into account when calculating the loads applied to the speci-
mens . In the case of single crystals of (001) orientation the strength 
of the rubber at small strains became partic1J~arly important . 
Although the effects of pressure on elastomers had been noted 
earlier (S?ott 1935 ; Bridgman 1945), no quantitative information on 
mechanical properties was available except that of Paterson ( 1964b ) on 
elastic modulus . The properties of the rubber jacket material used in 
the experiments on MgO were therefore determined independently on solid 
rubber samples . 
Experimental 
Cylinders of rubber 1 cm diameter and 2 cm long were cored from 
mouldings supplied by Dunlop Rubber Australia Ltd. These solid mouldings 
were of similax composition and method of manufacture to the gas tubing 
used f()r the sealing jackets, details of which are given below:-
Table (n . 1). 
Shore hardness 
Polymer 
Sulphur 
Specific Gravity : 
Main Fillers 
Colour 
Accelerators 
Vulcanisation 
Technical Composition of Gas Tubing(1) 
+ 65 - 5 Shore II A" 
Blend of natural rubber and S . B.R . 
(Styrene/Butadiene) 
2 . 5 parts ph RHC 
1. 65 
Kaolin and Whiting 
Iron Oxide 
TlffiT jMBTS /TET 
o 40 minutes at 300 F open steam 
(1) Details supplied by Dwllop Rubber Australia Ltd., 
Industrial Products Division, Victoria . 
Effects of Pressure 
At pressures over 5 kb the load carried by the rubber jackets was 
usually measured directly by comparing the load- elongation curves of 
unjacketed copper specimens with those of similar specimens sealed in 
rubber jackets . This method takes into account the effects of the 
experimental arrangements, in which the jacket is loaded partly by shear 
on the inner surface in contact with the specimen and partly at the ends 
where the jacket is sealed onto the anvils with rubber rings (see 
Fip'ure 2 . 2b) . At strains e;reater than 2~~ or 3% the differences between 
the load- strain curves of jacketed and unjacketed specimens were obvious, 
but during the elastic and the early stages of plastic strain the 
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differences were confused by the steep slopes of the curves. This TIas of 
little consequence in the strong polycrystalline specimens where the 
jacket corrections represented only a small fraction of the total load, 
but with single crystals of (001) orientation the jackets sometimes 
carried as much load as the specimens, and the measurements of the yield 
points of the crystals became uncertain. Direct measurement of the 
mechanical properties of the rubber provided more reliable data. 
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The effects of pressure on the stress- strain behaviour of the rubber 
is shown in Figure (rr.1) , which shows the average curves of duplicate 
tests made under pressures between 5 kb and 10 kb . These curves are 
notable for the appearance of a steep elastic part of the stress- strain 
curve above 5 kb, with a well defined yield point and a long plastic range 
at a fairly constant stress level. The elastic portion also became much 
steeper with pressure. 
The recorded load curves were rather irregular in the plastic strain 
region and sometimes exhibited a drop in load at the elastic limit, as 
indicated in Figure (rr.1)(1) at 8 kb and 10 kb. It is doubtful whether 
these "yield drops" were reflections of changes in the rate of deformation 
of the structure of the material , as happens in metals, because the 
phenomenon varied from test to test, and in experiments on the effect of 
rate of straining, little permanent effect was found. Also, no drop in 
load at the yield point was found in the rubber- jacketed copper specimens . 
The stress-strain curves were therefore drawn in as average smooth curves 
as in Figure (Ir.1). 
(1) Detailed tracings of load curves are given in Figure (rr . 3) · 
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When the load was removed under pressure the "plastic" strain in 
the rubber recovered only very slowly, but at an increas ing rate as the 
pressure was reduced below 4 kb , until at atmospheric pressure the rubber 
appeared substantially unaffected by the large deformations under pressure . 
The effects of pressure on the average yield stress and on the 
elastic modulus are summarised in Table (rr . 2) below , and in Figure (rr . 2) . 
Table (II . 2) . 
Confining 
Pressure 
kb 
4 
4 · 5 
5 
5· 5 
6 
6 · 5 
7 
8 
10 
Effects of Pressure on the Yield Stress and 
Elastic Modulus of Vulcanised RUbber(1) . 
Yield El astic l,odulus 
Stress 
kg- cm - 2 dyne- cm - 2 
-
2. 2 x 107 
15 6 . 5 x 107 
20 2 . 5 x 108 
50 5. 0 x 109 
250 2 . 0 x 1010 
450 3. 8 x 1010 
500 4. 2 x 1010 
650 5. 3 x 1010 
1250 9. 0 x 1010 
(1) Strained at 0 . 5 mm per minute . 
The rapid increase in elastic modulus between 4 kb and 6 kb reported by 
Paterson (1 964b) on vulcanised natural rubber is closely reproduced by 
the present results on comnlercial vulcanised rubber, as shown in 
Figure ( rr . 2) , but above 6 kb pressure the commercial rubber is slightly 
stronger . The yield stress also increases rapidly above 4 kb , but the 
yield point transition l ags behind the elastic modulus by approximately 
500 bars pressure . 
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Using this data , calculations of the load- strain curves for the 
r ubber sealing jackets were made and compared with the curves obtained 
directly from the rubber- and - copper calibration specimens . Beyond 2% 
total strain the curves agr eed very well , so that a reliable correction 
curve could be interpolated for strains up to 2% from measurements on the 
solid rubber specimens . 
The good agreement between the two independent strength measurements 
suCgests that despite the indirect method of loading of the rubber jackets 
when mounted on MgO or a copper specimen, fairly uniform straining of the 
jacket must occur from the beginning of deformation . 
Effects of Rate of Straining 
The rubber appeared to be extremely sensitive to changes in speed 
of straining, a feature which if permanent would cause significant differ-
ences in the loads carried by the jackets between specimens of different 
dimensions strained at the same crosshead speed. 
Solid rubber specimens were therefore deformed at rates between 
0 .1 25 mm per minute and 2 mm per minute at 8 kb pressure . Samples of the 
loading curves as recorded on the chart are shown in Figure (11 . 3) . 
These were recorded at a constant chart speed, so that the time scale 
represents different straining speeds for each specimen. The curves show 
that in the plastic strain region the rate of straining did not materially 
affect the flow stress , and that the irregularities in the flow curves 
were similar and independent of rate . The drop in load at the yield point 
did not occur so strongly at low speeds however,. and the ' elastic limit ' 
decreased with rate of straining . The elastic modulus was affected in the 
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opposite manner , and decreased with increase of rate of straining , from 
10 - 2 10 2 11 x 10 dyne cm at 0 .1 25 mm per minute to 4 . 5 x 10 dyne cm- at 
2 mm per minute, as shown in Figure (11 .4) . These changes in modul us were 
quite slnall and would not affect the l oad corrections significantly because 
the changes in effective rate of straining i ntroduced by variations in the 
length of the specimens would not exceed 2 : 1. 
On the other hand , the apparently high sensitivity of the plastic 
f l ow stress to changes in rate of straining were not reproduced i n these 
present experiments . To check this aspect of the deformation, a solid 
rubber specimen was strained at 0 . 25 mm per minute through the yield point, 
then the speed was increased to 0 . 5 mm per minute and finally to 1 rom per 
minute . At each increase i n speed a large transient increase in load 
occurred, which decayed away to the usual level of flow stress after a 
short period . 
This experiment suggests that the irregularities in the plastic 
str ain curves (e . g . as in Figure 11 . 3) must have resulted from inhomo-
geneous yielding of the rubber in its hardened state . 
Effects of Immersion in Kerosene 
The rubber absorbed some kerosene during its immersion in the 
apparatus , al thour'h it did not swell as rapidly as the latex jackets did ; 
sipnificant softening was found even in the solid rubber specimens 
however , as shown in Table (11. 3) below . Here , the rubber specimens were 
mounted in the apparatus and held under pressure at 8 kb for a time before 
being str ained to the yield point . 
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Table (11 . 3) . Effects of Immersion in Kerosene on the Strength 
of Vulcanised Rubber. 
Time of Yield Stress 
Immersion kg . cm- 2 
5 min . 750 
1 hr . 600 
24 hr . 380 
The elastic modulus was only slightly affected, reducing only from 
10 - 2 10 - 2 5. 5 x 10 d~1e . cm after 5 minutes to 3. 5 x 10 dyne . cm after 24 hours 
immersion . 
Although softening in the solid specimens was slow, it would occur 
much more rapidly in the rubber tUbing used for sealing jackets. For 
this reason all experiments were started within five minutes of insertion 
of the specimen into the apparatus, particularly when single crystals 
were involved . 
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APPE~DIX III 
Load-Strain Curves for Rubber and Copper Jackets . 
Load- strain curves for 7mm internal diameter rubber jackets 
are shown in Figure (111 .1) at 8 and 10 kb . pressure . The full 
curves represent the load carried by the rubber tubing, and the 
broken curves, the loads carried by unjacketed copper specimens 
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and by copper specimens in rubber jackets. 
out in the room temperature apparatus. 
The tests were carried 
Figure ( 111.2 ) shows the load-strain curve for solid copper 
specimens lcm diameter and 2cm long, made at elevated temperatures. 
The corrections for the copper packing pieces used in the high 
temperature apparatus were calculated from these curves on the 
basis of relative area . 
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